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1 Introduction 


During Run—1 LHC has discovered a resonance which is a candidate for the Higgs boson of the Standard Model 
(SM) [1,2]. The spin-0 nature of the resonance is well established [3] but there is no direct evidence for New Physics; 
furthermore, the available studies on the couplings of the resonance show compatibility with the Higgs boson of the 
SM. One possible scenario, in preparation for the results of Run—2, requires a consistent theory of SM deviations. 
Ongoing and near future experiments can achieve an estimated per mille sensitivity on precision Higgs and electroweak 
(EW) observables. This level of precision provides a window to indirectly explore the theory space of Beyond-the-SM 
(BSM) physics and place constraints on specific UV models. For this purpose, a consistent procedure of constructing 
SM deviations is clearly desirable. 

The first attempt to build a framework for SM-deviations is represented by the so-called k- framework, introduced in 
Refs. [4,5]. There is no need to repeat here the main argument, splitting and shifting different loop contributions in the 
amplitudes for Higgs-mediated processes. The k -framework is an intuitive language which misses internal consistency 
when one moves beyond leading order (LO). As originally formulated, it violates gauge-invariance and unitarity. In a 
Quantum Field Theory (QFT) approach to a spontaneously broken theory, fermion masses and Yukawa couplings are 
deeply related and one cannot shift couplings while keeping masses fixed. 

To be more specific the original framework has the following limitations: kinematics is not affected by k- parameters, 
therefore the framework works at the level of total cross-sections, not for differential distributions; it is LO, partially 
accomodating factorizable QCD but not EW corrections; it is not QFT-compatible (ad-hoc variation of the SM param¬ 
eters, violates gauge symmetry and unitarity). 

However, the original k- framework has one main virtue, to represent the first attempt towards a fully consistent QFT 
of SM deviations. The question is: can we make it fully consistent so that the experimental collaborations can simply 
upgrade their studies of the Higgs boson couplings? The answer is evidently yes, although the construction of a 
consistent theory of SM deviations (beyond LO) is far from trivial, especially from the technical point of view. 

Recent years have witnessed an increasing interest in Higgs/SM EFT, see in particular Refs. [6-8], Refs. [9-15], 
Refs. [16,17], Ref. [18], Ref. [19], Ref. [20], Refs. [21,22], Ref. [23], Refs. [24-26] and Refs. [27-32], 

In this work we will reestablish that Effective Field Theory (EFT) can provide an adequate answer beyond LO. Fur¬ 
thermore, EFT represents the optimal approach towards Model Independence. Of course, there is no formulation that 
is completely model independent and EFT, as any other approach, is based on a given set of (well defined) assump¬ 
tions. Working within this set we will show how to use EFT for building a framework for SM deviations, generalizing 
the work of Ref. [33]. A short version of our results, containing simple examples, was given in Ref. [34] and presented 
in [35,36], 

In full generality we can distinguish a top-down approach (model dependent) and a bottom-up approach. The top-down 
approach is based on several steps. First one has to classify BSM models, possibly respecting custodial symmetry and 
decoupling, then the corresponding EFT can be constructed, e.g. via a covariant derivative expansion [37]. Once the 
EFT is derived one can construct (model by model) the corresponding SM deviations. 

The bottom-up approach starts with the inclusion of a basis of dim = 6 operators and proceeds directly to the classifi¬ 
cation of SM deviations, possibly respecting the analytic structure of the SM amplitudes. 

The Higgs EFT described and constructed in this work is based on several assumptions. We consider one Higgs 
doublet with a linear representation; this is flexible. We assume that there are no new “light” d.o.f. and decoupling of 
heavy d.o.f.; these are rigid assumptions. Absence of mass mixing of new heavy scalars with the SM Higgs doublet is 
also required. 

We only work with dim = 6 operators. Therefore the scale A that characterizes the EFT cannot be too small, otherwise 
neglecting dim = 8 operators is not allowed. Furthermore, A cannot be too large, otherwise dim = 4 higher-order 
loops are more important than dim = 6 interference effects. It is worth noting that these statements do not imply an 
inconsistency of EFT. It only means that higher dimensional operators and/or higher order EW effects (e.g. Ref. [38]) 
must be included as well. 
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To summarize the strategy that will be described in this work we identify the following steps: start with EFT at a given 
order (here dim = 6 and NLO) and write any amplitude as a sum of K-deformed SM sub-amplitudes (e.g. t,b and 
bosonic loops in H —► yy). Another sum of K-deformed non-SM amplitudes is needed to complete the answer; at this 
point we can show that the k -parameters are linear combinations of Wilson coefficients. 

The rationale for this course of action is better understood in terms of a comparison between LEP and LHC. Physics 
is symmetry plus dynamics and symmetry is quintessential (gauge invariance etc.); however, symmetry without dy¬ 
namics does not bring us this far. At LEP dynamics was the SM, unknowns were Mh ( a s (M /),...); at LHC (post 
the discovery) unknowns are SM-deviations, dynamics? Specific BSM models are a choice but one would like to try 
also a model-independent approach. Instead of inventing unknown form factors we propose a decomposition where 
dynamics is controlled by dim = 4 amplitudes (with known analytical properties) and deviations (with a direct link to 
UV completion) are (constant) combinations of Wilson coefficients. Only the comparison with experimental data will 
allow us to judge the goodness of a proposal that, for us, is based on the belief that deviations need a SM basis. 

On-shell studies at LHC will tell us a lot, off-shell ones will tell us (hopefully) much more [39-43], If we run away 
from the H peak with a SM-deformed theory, up to some reasonable value ,v <C A 2 , we need to reproduce (deformed) 
SM low-energy effects, e.g. VV and tt thresholds. The BSM loops will remain unresolved (as SM loops are unresolved 
in the Fermi theory). That is why we need to expand the SM-deformations into a SM basis with the correct (low energy) 
behavior. If we stay in the neighbourhood of the peak any function will work, if we run away we have to know more 
of the analytical properties. 

The outline of the paper is as follows: in Section 2 we introduce the EFT Lagrangian. In Section 3 we describe the 
various aspects of the calculation; in Section 4 we present details of the renormalization procedure, decays of the 
Higgs boson are described in Section 5, EW precision data in Section 6. Technical details, as well as the complete list 
of counterterms and amplitudes are given in several appendices. 


2 The Lagrangian 


In this Section we collect all definitions that are needed to write the Lagrangian defined by 


•^EFT — 


N„ 

^4 + EL 


n>4 i— 1 


A"- 



( 1 ) 


where .2/ is the SM Lagrangian [44] and a" are arbitrary Wilson coefficients. Our EFT is defined by Eq.(l) and it is 
based on a number of assumptions: there is only one Higgs doublet (flexible), a linear realization is used (flexible), 
there are no new “light” d.o.f. and decoupling is assumed (rigid), the UV completion is weakly-coupled and renormal- 
izable (flexible). Furthermore, neglecting dim = 8 operators and NNLO EW corrections implies the following range 
of applicability: 3 TeV < A < 5 TeV. 

We can anticipate the strategy by saying that we are at the border of two HEP phases. A “predictive” phase: in 
any (strictly) renormalizable theory with n parameters one needs to match n data points, the (n + l)th calculation 
is a prediction, e.g. as doable in the SM. A “fitting” (approximate predictive) phase: there are (N^+Ns+ ■■■ = °°) 
renormalized Wilson coefficients that have to be fitted, e.g. measuring SM deformations due to a single insertion 
(A(, is enough for per mille accuracy). 


2.1 Conventions 


We begin by considering the field-content of the Lagrangian. The scalar field <J> (with hypercharge 1/2) is defined by 



H + 2 y + i <f>° \ 

yftir J 


( 2 ) 
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H is the custodial singlet in (2 r 0 2r) = 10 3. Charge conjugation gives <!>? = or 


1 / \/2i§ + 

^ H + 2f-ft 0 


^ =-— I — ■ 0 M 


The covariant derivative /ft is 


Dv<$>= (d/i - l - g 0 x a - 


with gj = —s 0 /c 0 and where x a are Pauli matrices while s 0 (c„) is the sine(cosine) of the weak-mixing angle, 
more 


^H ^ > ‘-‘n 1 ' , e“p 


Z„ =c 0 B?, -s a B?, 


A,, — s„B 2 +c „B° 


f; v = rft By - ft B" + g 0 e abc b£ B c v , ft° v = ft B° - ft B° . 

Here a,b,--- = 1,...,3. Furthermore, for the QCD part we introduce 

Gft = ftg"-ftg"+g s f abc gUv- 

Here a,b , • • • = 1,..., 8 and the / are the SU (3) structure constants. Finally, we introduce fermions. 


Vl = 


f L,R - 2 


i(W) 


and their covariant derivatives 


V L = (dn+gB'pTi) \|/ L , i = 0,...,3 
T a = -'-x\ T ° = - l -g 2 I, 

7ft ¥r = (ft + g 7ft ti) Vr 7 t a = 0 ( a 7 ^ 0)) 

t o = _i (g 3 ° 

2 ^ 0 g 4 

with gi = — s 0 /c 0 ft and 

ft = l—2 Q u , X3=—2Q u , X4 = —2Qd- 

The Standard Model Lagrangian is the sum of several terms: 

■Z’sm = 2?YM + JSf* + -2gf + =Sfrr + 


(3) 

(4) 

Further- 

(5) 

(6) 

(7) 

( 8 ) 


(9) 

( 10 ) 

( 11 ) 

( 12 ) 

(13) 


i.e., Yang-Mills, scalar, gauge-fixing, Faddeev-Popov ghosts and fermions. Furthermore, for a proper treatment of the 
neutral sector of the SM, we express g Q in terms of the coupling constant g, 

go = g(i+g 2 r), (14) 

where T is fixed by the request that the Z — A transition is zero at p 2 = 0, see Ref. [45]. The scalar Lagrangian is given 
by 

_Z$ = - (Zft <t>) + Zft <t> — /x 2 <I>1 <t> — ^ A, (<£> f <t>) 2 . (15) 

We will work in the ft-scheme of Ref. [45], where parameters are transformed according to the following equations: 


AT=ft-2- 
8 


M~ 


,1 2^h 

4 8 M 2 


(16) 


Furthermore, we introduce the Higgs VEV, v = \[2M/g, and fix ft order-by-order in perturbation theory by requiring 
(01H10) =0. Here we follow the approach described in Refs. [45,46]. 
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Table 1: List of dim = 6 operators, see Ref. [48], entering the renormalization procedure and the phenomenological applications 
described in this paper 


8 3 (^ t( &) 3 

= g 2 (^D^) [(D^fc 


0\ =g 3 ^ = 

03=g 2 ^D- 

05=g 2 0^=g 2 q L i 


0T = g 2 ^ 

09 = g 2 0^1 = 

0U=g 2 0ifi 

*3 =g 2 0$ 

015 = g0$! G 

0\1 = g0<s, B 
0\9 = g 0\ W 

021 =g^dW 
025 = g0 uB 
025 = g0 uG 


= r<i> t 

--g 2 & dIT^Ir/Ir 

= r4> t D^ )< &d R ^d R 
= g 2 0 + T a D|r ) OL I T a / , L I 
= ^ (<*>+<!>) G" A ' V G" v 
= g (<t>f<t>) F°f IV F^ v 
= gL L a^] R T a O<F« v 
= gq L <7^d R T a <I> c F£ v 
= l? q L f7^ v u R 4> F ^ v 
= l? q L a' ,v u R ^„OG« v 


^2=r^D=^ 2 (<*> + <I>) □ (<F f <F) 

^4 = £ 2 0U) = g 2 (<F f O) L l OG r 

06 = g 2 0<H> = g 2 (&$>) qL $t ' d R 

0% = g 2 0$ = g 2 ^ + Dp 0) ^q L r M q L 

^10 = g 2 0<? a = g 2 < J >+ d|T ) < J ) u R y^u R 

0 12 = g 2 0^ud = ig 2 (&Dn T>) u R 7 ^ d R 

0 14 = g 2 0 ( S = g 2 & r a d|T } ^q L r q L 

0i6 = g0^w=g(^ f ^)F a ^ v F a MV 

0 \8 = g <?«, wb = 7 <S> ' r a <S> F« V F« v 

02O=g0uW = g_q L C7 MV U R T a ‘l>F" v 
022=g01B=gL L O^\ R &F% 

02A — g 0d B =^q L fT A ' v d R (I> c F“ v 
^26 = S^dG = gq L <y» v d R A.„ & G" v 


2.2 dim = 6 operators 

Our list of d = 6 operators is based on the work of Refs. [47-50] and of Refs. [51-54] (see also Refs. [55,56], 
Ref. [57], Refs. [58-62], Refs. [63-65] and Ref. [66]) and is given in Table 1. We are not reporting the full set of 
dim = 6 operators introduced in Ref. [48] but only those that are relevant for our calculations, e.g. CP-odd operators 
have not been considered in this work. It is worth noting that we do not assume flavor universality. 

We need matching of UV models onto EFT, order-by-order in a loop expansion. If L = { 0[ d \... G ,, 1 ’} is a list of 
operators in V ^ (the space of d-dimensional, gauge invariant operators), then these operators form a basis for V / : ' / iff 
every G^ £ V [<! ' can be uniquely written as a linear combination of the elements in L. 

While overcomplete sets (e.g. those derived without using equations of motion) are useful for cross-checking, a 
set that is not a basis (discarding a priori subsets of operators) is questionable, e.g. it is not closed under complete 
renormalization and may lead to violation of Ward-Slavnov-Taylor (WST) identities [67-69]. Finally, a basis is optimal 
insofar as it allows to write Feynman rules in arbitrary gauges. Our choice is given by 

-^EFTg = -%SM + ^ ^2 ^ • (17) 

In Table 1 we drop the superscript (6) and write the explicit correspondence with the operators of the so-called Warsaw 
basis, see Ref. [48]. We also introduce 


9l = 


L - 1 

L ' 1 


(18) 


where u stands for a generic up-quark ({u, c,...}), d stands for a generic down-quark ({d, s,...}) and 1 for {e, p, ...}. 
As usual, f L R = ^ (l ± y 5 ) f. Furthermore, 


T> + D| ( 0, 0 = T> + £) a1 (I>- 


(19) 


We also transform Wilson coefficients according to Table 2. As was pointed out in Tab. C. 1 of Ref. [70] the operators 
can be classified as potentially-tree-generated (PTG) and loop-generated (LG). If we assume that the high-energy 


4 



Table 2: Redefinition of Wilson coefficients 


ga i = 

Mu 

gv^.Cl5 — m t? U (j) 

g 2 a 9 = 

9 (3) 

5 «13 = ~<V 

gcin = 

g\/lci2\ = AdW 

g 2 U25 = gS «uG 


g 2 ai = -a<|>n 
gV2(26 — m 

g 2 a l0 = -a^ u 

2 (3) 

5«14 = —Cltyq 

ga 18 = ^(j)WB 

gs/lan = jg-aiB 

g 2 U26 =gsadG 


g 2 a-i = -a(f D 
9 ( 1 ) 

« fl 7 = -ajl 
g 2 a it = -a^d 
^ 2fl 15 = <?S a 4>G 
gy/2ai9 = -jyfliw 
g\/lan = -p-fluB 


2 ( 1 ) 
r«8 = -Ojq 
2 

g ai2 = —a^ud 
gai6 = ctyw 

/T Mi 

SV2fl 20 = -Jf a uW 

g\f2a.2A — -p-fldB 


theory is weakly-coupled and renormalizable it follows that the PTG/LG classification of Ref. [70] (used here) is 
correct. If we do not assume the above but work always in some EFT context (i.e. also the next high-energy theory is 
EFT, possibly involving some strongly interacting theory) then classification changes, see Eqs. (A1-A2) of Ref. [15]. 


2.3 Four-fermion operators 


For processes that involve external fermions and for the fermion self-energies we also need dim = 6 four-fermion 
operators (see Tab. 3 of Ref. [48]). We show here one explicit example 


l 8 2 g6_Ji)u 1^6 n W v g, 


Vuudd = 4 ^ t 7+ ® 7, 7 ++ - ^ «qd t 7+ ® Ym 7- 

1 8 2 8 6 _(i). 

8 M 2 


8 M 2 flqu 7 7 - 


7m 7+ + o TT^f «u d 7 11 7- ® 7 m 7- 


(!) y (g) y ,y_ ® 7_ 

16 m 2 q u q d/+ ^ /+ 16 M- q u q d 1 1 


giving the uudd four-fermion vertex. Here y± = 1/2 (1 ± y 5 ) and g. is defined in Eq.(28). 


( 20 ) 


2.4 From the Lagrangian to the S -matrix 

There are several technical points that deserve a careful treatment when constructing 5-matrix elements from the La¬ 
grangian of Eq.(17). We perform field and parameter redefinitions so that all kinetic and mass terms in the Lagrangian 
of Eq.(17) have the canonical normalization. First we define 

& = ^h=(l+d%^)^ h ( 2 D 

and /3 h is fixed, order-by-order, to have zero vacuum expectation value for the (properly normalized) Higgs field. 

Particular care should be devoted in selecting the starting gauge-fixing Lagrangian. In order to reproduce the free SM 
Lagrangian (after redefinitions) we fix an arbitrary gauge, described by four c parameters, 

= V 2 , ( 22 ) 

‘tf ± = -£w^ w J + ^± A ^ ± > ^z = -fc^ Z M + ^-4> 0 , «a = ^a^ A m- (23) 
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Table 3: Normalization conditions 


A Ryj = 

CltyW 

AR ZZ 

— flzz 

AR AA 

— o AA 



AK H = 

— | cityD + citya 

AR^i 

= 0 

AR^o = 

= —jdtyD 



> 

>3 

X 

1+ 

II 

- 2 

ar Yz 

= 5 O-zz 

< 

< 

— 2 ^AA 



AR u = 

— 2 ^u(j> 

AR,i 

- 2 

A % = 

= a (|)W + I 



^W = 

= — 

A % 

= — a zz 

^A 

= ~ a AA 



A% = 


^0 

= 5 + tt zz 

ARm h 

_ 1 „ 

— 2 W <|)D 

□ 

-©- 

S 3 

(N 

■ 10 M2 
+ 12 =j City 

M fi 

A Rm = 

—2 a<|) W 

AR C g 

= — ^ cityo + s" (a AA — cizz) + Sg Cg a AZ 





The full list of redefinitions is given in the following equations, where we have introduced Ra = M 2 / A 2 . First the 
Lagrangian parameters, 

(l+dR MH R A ) , M 2 = M 2 (l+dR M R A ), M f = M f (l+dR Mf R A ) , (24) 

Cg = (l+dR Cfl R A ) c 0 , s 0 = (l+dR Sfl R A ) s 8 , (25) 

secondly, the fields: 

H = (1 + dR H R a ) H c» 0 = (l+dR^oR A ) ^ = (1 + dR^iR A ) 

Z M =(l+dR zz R A )Z |1 A M = (l+dR AA R A ) W± = (l + dR w± R A ) W± (26) 

X± = (l + dR x ±R a ) X± Y z = (l + dRy z R a ) Y z Y a = (l + dRy A R A ) Y A 
where X , Y z and Y A are FP ghosts. Finally, the gauge parameters, normalized to one: 

& = l+dR$R A f = A,Z,W,±,0. (27) 

We introduce a new coupling constant 

* - - 0 0606 (T) 2 ' (28) 

where Gf is the Fermi coupling constant and derive the following solutions: 

dR, R A = g 6 ARi , (29) 

where the AR, are given in Table 3. One could also write a more general relation 

Z m = R zz ZM + R za A>, A u : R AZ ZM + R AA Af', (30) 

where non diagonal terms start at fi'(g 2 ). In this way we could also require cancellation of the Z—A transition at 
&{g 6 ) but, in our experience, there is little to gain with this option. We have introduced the following combinations of 
Wilson coefficients: 

_ -2 , -2 - - 

flzz — S 0 -T C fl City w — Sg Cg I 

—2 —2 — — 

^AA = Cg + Sg Cltyw + Sg Cg fl^wB ; 

a AZ = 2Cg Sg (a^w — o^b) + (2c' — l) a^wb ■ (31) 

With our choice of reparametrization the final result can be written as follows: 

2 ({<*>} ,{p}) = 2* ({^},{?})+ «AZ (a M z v d*A v - d, Z v d ) + _S*"* ({$} ,{p}), (32) 

where {<t>} denotes the collection of fields and { p } the collection of parameters. In the following we will abandon the 
<t>, p notation since no confusion can arise. 
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3 Overview of the calculation 


NLO EFT (dim = 6) is constructed according to the following scheme: each amplitude, e.g. H —»| f), contains one- 
loop SM diagrams up to the relevant order in g, (tree) contact terms with one dim = 6 operator and one-loop diagrams 
with one dim = 6 operator insertion. Note that the latter contain also diagrams that do not have a counterpart in the 
SM (e.g. bubbles with 3 external lines). In full generality each amplitude is written as follows: 

oo OO n oo 

* = I + I I I *’ • (33) 

n =N «=N 6 /=0 k= 1 

where g is the SU (2) coupling constant and g 4 + 2 k = 1 /(V2Gf A 2 ) k . For each process the dim = 4 LO defines the 
value ofN (e.g. ;V = 1 for H — > VV, N = 3 for H —► yy etc.). Furthermore, = N for tree initiated processes and N — 2 
for loop initiated ones. The full amplitude is obtained by inserting wave-function factors and finite renormalization 
counterterms. Renormalization makes UV finite all relevant, on-shell, S-matrix elements. It is made in two steps: first 
we introduce counterterms 

= Z<t> Oren , p = Zp p Ten , (34) 

for fields and parameters. Counterterms are defined by 



We construct self-energies, Dyson resum them and require that all propagators are UV finite. In a second step we 
construct 3 -point (or higher) functions, check their C ,4: -finiteness and remove the remaining C 1 ' 6 ' UV divergences by 
mixing the Wilson coefficients W, : 

w <=E z J w f- 06 ) 

j 

Renormalized Wilson coefficients are scale dependent and the logarithm of the scale can be resummed in terms of the 
LO coefficients of the anomalous dimension matrix [11], 

Our aim is to discuss Higgs couplings and their SM deviations which requires precise definitions [71-73]: 

Definition The Higgs couplings can be extracted from Green’s functions in well-defined kinematic limits, e.g. residue 
of the poles after extracting the parts which are IP reducible. These are well-defined QFT objects, that we can probe 
both in production and in decays; from this perspective, VH production or vector-boson-fusion are on equal footing 
with gg fusion and Higgs decays. Therefore, the first step requires computing these residues which is the mam result 
of this paper. 

Every approach designed for studying SM deviations at LHC and beyond has to face a critical question: generally 
speaking, at LHC the EW core is embedded into a QCD environment, subject to large perturbative corrections and 
we expect considerable progress in the “evolution” of these corrections; the same considerations apply to PDFs. 
Therefore, does it make sense to ‘fit” the EW core? Note that this is a general question which is not confined to our 
NLO approach. 

In practice, our procedure is to write the answer in terms of SM deviations, i.e. the dynamical parts are dim = 4 and 
certain combinations of the deviation parameters will define the pseudo-observables (PO) to be fitted. Optimally, part 
of the factorizing QCD corrections could enter the PO definition. The suggested procedure requires the parametrization 
to be as general as possible, i.e. no a priori dropping of terms in the basis of operators. This will allow us to “reweighf ’ 
the results when new (differential) K-factors become available; new input will touch only the dim = 4 components. 
PDFs changing is the most serious problem: at LEP the e + e“ structure functions were known to very high accuracy 
(the effect was tested by using different QED radiators, differing by higher orders treatment); a change of PDFs at 
LHC will change the convolution and make the reweighting less simple, but still possible. For recent progress on the 
impact of QCD corrections within the EFT approach we quote Ref. [23]. 
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4 Renormalization 


There are several steps in the renormalization procedure. The orthodox approach to renormalization uses the language 
of “counterterms”. It is worth noting that this is not a mandatory step, since one could write directly renormalization 
equations that connect the bare parameters of the Lagrangian to a set of data, skipping the introduction of intermediate 
renormalized quantities and avoiding any unnecessary reference to a given renormalization scheme. 

In this approach, carried on at one loop in [74], no special attention is paid to individual Green functions, and one is 
mainly concerned with UV finiteness of S-matrix elements after the proper treatment of external legs in amputated 
Green functions, which greatly reduces the complexity of the calculation. 

However, renormalization equations are usually organized through different building blocks, where gauge-boson self¬ 
energies embed process-independent (universal) higher-order corrections and play a privileged role. Therefore, their 
structure has to be carefully analyzed, and the language of counterterms allows to disentangle UV overlapping diver¬ 
gences which show up at two loops. 

In a renormalizable gauge theory, in fact, the UV poles of any Green function can be removed order-by-order in 
perturbation theory. In addition, the imaginary part of a Green function at a given order is fixed, through unitarity 
constraints, by the previous orders. Therefore, UV-subtraction terms have to be at most polynomials in the external 
momenta (in the following, “local” subtraction terms). Therefore, we will express our results using the language of 
counterterms: we promote bare quantities (parameters and fields) to renormalized ones and fix the counterterms at one 
loop in order to remove the UV poles. 

Obviously, the absorption of UV divergences into local counterterms does not exhaust the renormalization procedure, 
because we have still to connect renormalized quantities to experimental data points, thus making the theory predictive. 
In the remainder of this section we discuss renormalization constants for all parameters and fields. We introduce the 
following quantities 


2 Up 

Ajjv =-Tfe — In 7T — In —y , 

e ju 2 


2 x 

Auv(x) = - - Ye - ln7T - In , 


(37) 


where e = 4 — d, d is the space-time dimension, y. = 0.5772 is the Euler - Mascheroni constant and /i r is the renor¬ 
malization scale. In Eq.(37) we have introduced an auxiliary mass ii which cancels in any UV-renormalized quantity; 
jUr cancels only after finite renormalization. Furthermore, x is positive definite. Only few functions are needed for 
renormalization purposes. 


Aq (m) = ~~n [d d q -^2— = - m 2 Auv (^w) + do (m) , ciq (, m ) = 1 - In 
ik- J q z + m z L V / J 


q~ + m 

Bo (-S-, mi , m 2 ) = / d d q 

l 71 z J 

where the finite part is 


K 


(q 2 + mj) ((q + p) 2 -\-m \) 


= A uv (mI) +Bq (~s;mi , m 2 ) 


Bq (— s ; m \, m 2 ) = 2 — In 


m\m 2 1 m\ — m\ m\ n A, m 2 +m 2 — s — A — iO 


-R--- 

Ml 2 5 


In —i , R = — In - 

m 2 s 


2 m 2 m 2 


(38) 

(39) 

(40) 


where p 2 = —s and A 2 = A (s, m\ , ml) is the Kallen lambda function. Furthermore we introduce 


L r = In 


Mr 

K 


(41) 


with the choice of the EW scale, x = M^, in Eq.(37). 

Technically speaking the renormalization program is complete only when UV poles are removed from all, off-shell. 
Green functions, something that is beyond the scope of this paper. Furthermore, we introduce UV decompositions also 



for Green functions: given a one-loop Green function with N external lines carrying Lorentz indices /i ; , j = 
we introduce form factors, 

( 42 ) 

a= 1 

Here the set K a , with a = 1,... ,A, contains independent tensor structures made up of external momenta, Kronecker- 
delta functions, elements of the Clifford algebra and Levi-Civita tensors. A large fraction of the form factors drops 
from the final answer when we make approximations, e.g. vector bosons couple only to conserved currents etc. 
Requiring that all (off-shell) form factors (including external unphysical lines) are made UV finite by means of local 
counterterms implies working in the -gauge, as shown (up to two loops in the SM) in Ref. [75], 

A full generality is beyond the scope of this paper, we will limit ourselves to the usual’t Hooft-Feynman gauge and to 
those Green functions that are relevant for the phenomenological applications considered in this paper. 


4.1 Tadpoles and transitions 

We begin by considering the treatment of tadpoles: we fix /3 h , Eq.(21), such that (0 |H| 0) =0 [45]. The solution is 

K=i8 2 Ml (43) 

where we split according to the following equation (see Eq.(37)) 

tf ) =/3i n 1 ) Auv(<)+/3 0 (n) + /3W. (44) 

The full result for the coefficients j3 <n> is given in Appendix A. The parameter T, defined in Eq.(14), is fixed by the 
request that the Z — A transition is zero at p 2 = 0; the corresponding expression is also reported in Appendix A. 


4.2 H self-energy 

The one-loop H self-energy is given by 



The bare H self-energy is decomposed as follows: 

4H=41uv A uv(M| / )+4% fc . 

Furthermore we introduce 

The full result for the H self-energy is given in Appendix B. 


4.3 A self-energy 

The one-loop A self-energy is given by 

„2 

_ <-> vM v _ tt tM v 

^AA ~ \( l7l 2 ^AA J ^AA — iA AA A , 

where the Lorentz structure is specified by the tensor 

T^ v = -s8^ v -p^p v , 


(45) 


(46) 

(47) 


(48) 


(49) 
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and p 2 = — 5 . Furthermore the bare IIaa is decomposed as follows: 


— rr( 4 ) 


r(6) 


n AA n AA +^ 6 n AA , 


n (n) — n (i 

11 AA — 11 AA 


\A;UV A UV (^w) TiiAA; S „- 


n 


(«) 


It is worth noting that the A—A transition satisfies a doubly-contracted Ward identity 

Pn S AAPy = °- 

The full result for the A self-energy is given in Appendix B. 


(50) 


(51) 


4.4 W,Z self-energies 

The one-loop W,Z self-energies are given by 

„2 

Cl uv _ 8 v jiV 

vv ~ 16 tt 2 vv ’ 
where the form factors are decomposed according to 

D VV = Dyy + g 6 Dyy , 


^vv = D W S MV + Pvv P 11 p v , 


_p(4) 


j(6) 


Pvv — Pyv "P $6 Pyv ' 


We also introduce the residue of the UV pole and the finite part: 


pjU) _rV w ) A 

u vv — U W;UV A UV 


( M w) T^ V V;fi»> 


D 


(«) 


etc. The full result for these self-energies is given in Appendix B. We also introduce 


D 


+n%.As)s = a^ (o )M% - 


Q. 


(«) 

'W ;fin 


(0)+Lj V;fin s+0{s 2 ). 


j^ZZ ; fin _ _ 


i i n ( — N L w 

6 V Af-J c 2 gen ’ 


= 0 . 


(52) 


(53) 


(54) 


(55) 


4.5 Z—A transition 


The Z—A transition (up to one loop) is given by 


ct 1 v _ ° yM v I „ v n 

^ZA — |£ n 2 ^ZA + S 6 1 fl AZ , 


rizA — n ZA +g 6 n ZA , 


£ Z X = n ZA T^ v + P ZA p* p v , 


p _p(4) I p(6) 

PZA — P Z A + 8 6 PzA > 


(56) 


(57) 


where we have included the term in the bare Lagrangian starting at f/(g h ). The full result for the Z—A transition is 
given in Appendix B. 


4.6 The fermion self-energy 

The fermion self-energy is given by 


S f = 


8 


16 n 2 L 


Af+ ^Vf — Af/ 5 ^ i/f 


with a decomposition 
etc. The full result for the fermion self-energies (f = v,l,u,d) is given in Appendix B. 


A f = A< 4) +g 6 A| 6) , 


(58) 


(59) 
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A A 

4W10WV^ 


= 0 


z Z Z <|> ( 


,0 aO 


Z <^° 


AAAA^^VWP + ^AA0 - - ■ +■—■- ^eft^ —i 


= 0 


w w w $ 


w 4 


•tAAA^^VWP + *AAA0— ■ + ■ —^)WV^ ■-— i 


= 0 


A Z A (f, 0 

*ma(^)vw^ + </wv(^)--- 


Figure 1: Doubly-contracted WST identities with two external gauge bosons. Gray circles denote the sum of the needed Feynman 
diagrams at any given order in EFT. 


4.7 Ward-Slavnon-Taylor identities 


Let us consider doubly-contracted two-point WST identity [67-69], obtained by connecting two sources through 
vertices and propagators. Here we get, at every order in perturbation theory, the identities of Fig. 1. WST identi¬ 
ties [67-69] require additional self-energies and transitions, i.e. scalar-scalar and vector-scalar components 


Sss = 


16 K 2 


4+^; 


vs _ 16 tt2 


^VS + 6 6 ^ 


(60) 


4.8 Dyson resummed propagators 

We will now present the Dyson resummed propagators for the electroweak gauge bosons. The function nj / represents 
the sum of all 1PI diagrams with two external boson fields, i and j, to all orders in perturbation theory (as usual, the 
external Born propagators are not to be included in the expression for nj ; ). We write explicitly its Lorentz structure, 

4v,vv = Dvv <5^ v +Pvv7 , m7’ v > (61) 

where V indicates SM vector fields, and p^ is the incoming momentum of the vector boson. The full propagator for a 
field i which mixes with a field j via the function n},- is given by the perturbative series 

oo n- 1-1 

A a = A u + A ti £ FI E n U^ ’ (62 > 

n=0 1=1 k, 

= An + AuUlAu + An ni^AijijnF'Aii + • • • 
h =‘,j 

where ko = k n+ \ = i, while for / ^ n + 1, kj can be i or j. An is the Born propagator of the field i. We write 

An = An [1 — (nA) i; ] _1 , (63) 
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and refer to A,,- as the resummed propagator. The quantity (TT A)is the sum of all the possible products of Born 
propagators and self-energies, starting with a 1PI self-energy IlJ ( , or transition Ilj-, and ending with a propagator A„, 
such that each element of the sum cannot be obtained as a product of other elements in the sum. 

In practice it is useful to define, as an auxiliary quantity, the “partially resummed" propagator for the field i. A,-,, in 
which we resum only the proper 1PI self-energy insertions nj,-, namely, 

A ii =\i[l-n] i A ii ]- 1 . (64) 

If the particle i were not mixing with j through loops or two-leg vertex insertions. A,, would coincide with the re¬ 
summed propagator A„. Partially resummed propagators allow for a compact expression for (T1A), 

(n a)« = n{,.A u + iiJA/Ii'A, , (65) 

so that the resummed propagator of the field i can be cast in the form 

A a = A u [1 - (4 + njjAjjU^) A U ] ~ 1 (66) 

We can also define a resummed propagator for the i- j transition. In this case there is no corresponding Born propagator, 
and the resummed one is given by the sum of all possible products of 1PI i and j self-energies, transitions, and Born 
propagators starting with A ,7 and ending with Ajj. This sum can be simply expressed in the following compact form, 

Aij ~ A„TlJ ; A//. (67) 


4.9 Renormalization of two-point functions 


Dyson resummed propagators are crucial for discussing several issues, from renormalization to Ward-Slavnov-Taylor 
(WST) identities [67-69], Consider the W or Z self-energy; in general we have 


v VV, 7 _ 
\ S ) — 


16 


D vv (s) <5 mv + P vv (s) PuPv] ■ 


The corresponding partially resummed propagator is 


( 68 ) 


jvv 
A|iv — 




3 vv 


PtiPv 


^”^ + iIf dVV 


16 


n 2 ^ 


*-^ + i!f dVV 


s — Mh + -rfi-r D vv — -r|Ar P vv , 
v 16 X- 16 7T- 


(69) 


We only consider the case where V couples to a conserved current; furthermore, we start by including one-particle 
irreducible (1PI) self-energies. Therefore the inverse propagators are defined as follows; 

• H partially resummed propagator is given by 


8 2 A H hC?) = ~8 2 Z h (s-Mh) - ^Ehh- 

• A partially resummed propagator is given by 

£“ 2 AxiW = -^ 2 * (z A - ^2 n A A ) • 

• W partially resummed propagator is given by 

8 2 A ww( s ) = ~8 “Z w (s — M~) — — —iD ww . 

16 71 ^ 

• Z partially resummed propagator is given by 


8 2 A z i(s) = -8 2 Z z {s-Ml) 


1 


Dzz • 


(70) 


(71) 


(72) 
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16 n 2 


(73) 



Z—A transition is given by 


^.ZA . AZAct AZAct_ 


§ yiZAct * 
16^ uv ’ 


r,ZA . 


where S„ v is given in Eq.(56) and 


-,ZA ct 


— S dZ ^2 8nv + g 6 


s dZ^ 8)iv — a a 7 (dZ^ 4) 


dZ 


(4) 


P[iPv 


• f resummed propagator is given by 

where the counterterms are 

Z f = Z Rf y~ + Z Lf y + 


G f 1 ( p) = Z f (// + m f ) Z f - S f , 


Zf = Z Lf y++Z Rf y 


7 = 




1 P 2 

Zif=l--- 


2 16 7T 2 


dz: j +g 6 dz°A uv 


mf = M f 1 + 


g~ 


\6n 2 


- dZ m , A 


-m f ^UV I 5 


-If 

where Mf denotes the renormalized fermion mass and I = L,R. We have introduced counterterms for fields 

2 

<*> - Z* <b ren , Z<j> = 1 + -y|^ (dZ^ 4) + g 6 dZ^ 6) ) A uv . 

The bare photon field represents an exception, and here we use 

A m =Z a A-+Z az Z-, Z az = ^ (dZ^+g 6 dZ^) Auv. 


(74) 

(75) 

(76) 

(77) 

(78) 

(79) 

(80) 


In addition, bare fermion fields \|/ are written by means of bare left-handed and right-handed chiral fields, \|/l and \|/ R . 
The latter are traded for renormalized fields. 


For masses we introduce 


and for parameters 


M 2 = Z M Mr 


Zm = 1 


16 

~2 


“2 ( dZ M ) +5 6 dZ^ ) ) Auv 


P — Pren Zp — 1 


+ lfe( dZ p 4)+ ^ dZ p 6) ) Auv ' 


(81) 


(82) 


The full list of counterterms is given in Appendix C. It is worth noting that the insertion of dim = 6 operators in the 
fermion self-energy introduces UV divergences in a[ 6) , Eq.(59), that are proportional to s and cannot be absorbed by 
counterterms. They enter wave-function renormalization factors and will be cancelled at the level of mixing among 
Wilson coefficients. 


4.10 One-particle reducible transitions 

Our procedure is such that there is a Z—A vertex of ^ , <S6 

V/JV = g 6 T^y «AZ > Tjuv = — sS^v — Pjj.Pv , 

inducing one-particle reducible (1PR) contributions to the self-energies. Since T^ v = 0 we obtain 


(83) 


n 


AA 


8 2 S 6 s e 


1PR 16 7T 2 c e S-Ml 


S n TT^ 
^*az 4 r ZA , 


n 


zz 


8 8 6 


1PR 


16 7T 2 


~ a A7 n 


(4) 
ZA > 


n 


ZA 


1PR 16 7T 


s 2 a AZ <{. 


2 ‘ 


(84) 
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4.11 A—A, Z—A, Z—Z and W—W transitions at = 0 

The value s = 0 is particularly important since S,T and U parameters [76] require self-energies and transitions at s = 0. 
We introduce the following functions: 


Bg”(-s; mi, m 2 ) = Bg” (0; mi, m 2 ) 


sBgg (0; mi, m 2 ) + ^s 2 Bg” (0; mi, m 2 ) + , 


(85) 


where, with two different masses, we obtain 

m\ ag” (m 2 ) — m\ a g” (mi) 


Bg° (0; m,, m 2 ) = 
Bgp (0;mt,m 2 ) = - 


mj — m 2 

l rl 


(mj — m 2 ) 3 ^2 

1 


(mj — m 2 ) + m 2 ag" (m 2 ) — mj ag" (mi) 


Bg”(0;mi,m 2 ) = 


(m 2 — m 2 )' 

1 


m 2 ag” (mi) + m 2 ag“ (m 2 ) 

r io 


2) 5 L 3 


+ 


3 

(m 2 — m|) 4 
2 

(m 2 — m|) 3 


^)i| — m 2 ^ + 4m 2 ag n (m 2 ) — 4mfag”(mi) 


2 ag” (mi) + 2 m 2 ag” (m 2 ) — m| — m 2 


4 fin / 


m 2 ag” (m 2 ) — mf ag” (mi) 


2 fin / 


( 86 ) 


For equal masses we derive 

Bg” (0; m, m) = 1 — ag” (m), Bg” p (0; m, m) = - -L , Bg” (0; m, m) = —^. (87) 

F 6 m- 30 m 4 

After renormalization we obtain the results of Appendix D, with II defined in Eq.(48) and A, £1 defined in Eq.(55). 
Furthermore N gen is the number of fermion generations and Lr is defined in Eq.(41). All functions defined in Eq.(87) 
are successively scaled with Mw ■ In Appendix D we have used ,y = s„, c = c (l and Xj are ratios of renormalized masses, 
i.e. xh =Mh/M, etc. 

The expressions corresponding to dim = 6 are rather long and we found convenient to introduce linear combinations 
of Wilson coefficients, given in Eq.(88). 


— S" a a a + c 0 s e a Az + c~ «zz — c 2 a A a — c g s g a A z + s~ a zz 

= 2c 0 s 0 (qaa ~ Qzz) + (1 — 2 s-)a AZ a §\ = 2 ( a c|>iA — o^iv) 


^([)U — 2 *3|>UA ) 

a 4 >l^ = ~ 5 ( a c|)lv +<3(|)1a) 

= 4 (^<t>uV + ^uA ^cIa) 

aiw = s 0 ai wb + c g fliBw 


ttpd — 2 ^(j>dV) 

a pl^ = \ (flij)lv +A(|)1 a +a§\) 

= 5 ( a c])dV + a <|>dA + fl^iuv + a <|>uA) 

a \e = s e aiBw — c e aiwB 


fl dw - s g a dWB + Cg adBW 
a u W = S g WB + Cg a U BW 


^wb — Cg a^wA — Sg a,|, wz 


fl(|)D — fl^lDB — 8 S" a^B 
^a^w apD 


a 

a 


(3) — 4«( 3 ( -i-?n 

(qW — + Z “4>W 

(+) -- (+) ,+4ap n 


a dB = Sg adBw — Cg adwB 
fl uB — ~Sg a uB w + Cg a u wB 
a (|)W = Sg a^wA + Cg aq,wz 

a iwD = ^a^w + ap d 

3 ) _ 4 / 7 ( 3 ) , 

a (|)lw — ^ a (|>l 

„(-) _ „(+) _ 4 
“l|)WDB — U 4>WD ^ a <l>0 

(a) _ 

WB — ^(|)B fl(|)W 


( 88 ) 
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The results for dim = 6 simplify considerably if we neglect loop generated operators, for instance one obtains full 
factorization for IIaa(O), 


<1(0) = 


" 8 ^<1(0) 


(89) 


and partial factorization for the rest, e.g. 


O) = -44^ D < 4 l(0) + ^^ D < 6 l nfc (0) 

s e c e 

— t (1 — Lr) — (fl4>lv +2a§ u \ +«4idv) 

-* C 0 gen 

— ^ E \^ a 0 <u) «(1UV + a 0 (Mi) «(|)dV + fl 0 (M l) fl<q\ 


G gen 


(90) 


n zA ,fC (0) = ~ (1 - 14cl) - < (1 + 18Cg) L r -1 (5 + 8 c 2) (1 - L r ) N gen 

- T7 ( 3 + 4c e) E fl o <i) - < (5 + 8c!) I fl o ( M «) “ 4 0 + <) E «o (M d ) 

AZ " gen 10 gen gen 

+ l( 1 + 18c l)4”(M) (91) 

The rather long expressions with PTG and LG operator insertions are reported in Appendix D. Results in this section 
and in Appendix D refer to the expansion of the 1PI self-energies; inclusion of 1PR components amounts to the 
following replacements 


y( 1PI+1PR) 
^AA 


00 


= -n 


(ipi) 

AA 


(o )s 


[< a PR, (0)< 

s-Ml 


+ ff( s 2 ) = } (0) s + ff{s 2 ), 


(1PI+1PR) 

U TL 


(s) = A 


(IPI) 

zz 


( 0 ) + { 


n: 


(ipi) 

zz 


( 0 ) 



(92) 


4.12 Finite renormalization 


The last step in one-loop renormalization is the connection between renormalized quantities and POs. Since all quanti¬ 
ties at this stage are UV-free, we term it “finite renormalization”. Note that the absorption of UV divergences into local 
counterterms is, to some extent, a trivial step; finite renormalization, instead, requires more attention. For example, 
beyond one loop one cannot use on-shell masses but only complex poles for all unstable particles [77,71]. Let us 
show some examples where the concept of an on-shell mass can be employed. Suppose that we renormalize a physical 
(pseudo-)observable F, 


F=F b 


r 


16 7T 2 L 


F^(m 2 )+g 6 Fl\m 2 ) 




(93) 


where m is some renormalized mass. Consider two cases: a) two-loop corrections are not included and b) m appears at 
one and two loops in F\\ and Til but does not show up in the Born term F&. In these cases we can use the concept of 
an on-shell mass performing a finite mass renormalization at one loop. If m B is the bare mass for the field V we write 


= M; 


os 


1 + 


16 7T 2 


ReE 


V V; tin 


- M os 


= Mq S + g 2 AM 2 , 


(94) 


where Mqs is the on-shell mass and E is extracted from the required one-particle irreducible Green function; Eq.(94) 
is still meaningful (no dependence on gauge parameters) and will be used inside the result. 
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In the Complex Pole scheme we replace the conventional on-shell mass renormalization equation with the associated 
expression for the complex pole 


m o — Mq S 


1 


16tt- 


■ Re Evv;nn (Mis) 


niQ = sy 


1 + 


16 7T~ 


-VVlfin 


(Mis) 


(95) 


where s\ is the complex pole associated to V. In this Section we will discuss on-shell finite renormalization; after 
removal of UV poles we have replaced mo —> m ren etc. and we introduce 


M V ren=M V; OS + (d^ + g.d^) 


and require that ,y = My ; os is a zero of the real part of the inverse V propagator, up 


(96) 

2 g 6 ). Therefore we introduce 


My e n — M^-os 


Muren — ^H;OS 


1 + 


ffr en 

16 

gren 


16 


en / 

K 2 V 

en ( 
7l 2 V 


^l+8 6 d^l 


d & { Z+8 6 ^Z) 


C ren = c 
e w 




(97) 


where c 2 . = M^, . os /M|. os and .v = M|. os will be a zero of the real part of the inverse Z propagator. 


J W;OS/ JK, Z;OS 


Finite renormalization in the fermion sector requires the following steps: if Mf ; os denotes the on-shell fermion mass, 
using Eq.(77), we write 


M f 


diT$ +S 6 dir$] = Af (M f 2 ;OS ) + M f; os Vf (m, 


2 

f;OS 


(98) 


and determine the finite counterterms which are given in Appendix E. 


4.12.1 Gf renormalization scheme 

In the G f -scheme we write the following equation for the g finite renormalization 

Sren = £exp + (d Zf + g 6 djf } ) , (99) 

where g exp will be expressed in terms of the Fermi coupling constant G F . The Li -lifetime can be written in the form 


M l g A 


in 192 


n 2 32 M 4 ^ +S ^ ' 


( 100 ) 


The radiative corrections are 8^=8^ + Sq where <5 (l is the sum of vertices, boxes etc and d)) is due to the W 
self-energy. The renormalization equation becomes 


s/2 8 M 2 


1 + 


16tt- 


5 g + -^2 E ww ( 0 ) 


( 101 ) 


where we expand the solution for g 


gren ~ 4 V2 Gf . Qs < 1 + ■ 


G ( M, 


F^ W ;OS 


^ Is/ln 2 

Note that the non universal part of the corrections is given by 


8g T ^WW;fin(0) 


8 G = 8 {4) +g 6 8 ( £ ] , 8l 4) =6+ 1 ^ Inc 2 . 


( 102 ) 


(103) 
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but the contribution of dim = 6 operators to muon decay is not available yet and will not be included in the calculation. 
It is worth noting that Eqs.(97)-(101) define finite renormalization in the {G F , M \ v , Mz] input parameter set. 

We show few explicit examples of finite renormalization, i.e. how to fix finite counterterms. From the H propagator 
and the definition of on-shell H mass one obtains 


(. 

"" < :os 


HH 


; 6n ( M H;Os) + Ren HH;fin ( M H;Os) > 


(104) 


where Mh is the renormalized H mass and Mh ; os is the on-shell H mass. >From the W propagator we have 


=ReAW W;6ii (A4 ;OS ) +RenW V;& (A4 ;OS ) . 


>From the Z propagator and the definition of on-shell Z mass we have 


dJ p i n) = - Re 
e 2 


d^Mw _C w A ZZ;ii„ ( W Z;Os) -ny ;fln (a*Z;Os) 


r.2 a(” 


(105) 


(106) 


with y = M^. 0s /M|. 0 s- All quantities in Eqs.(104)-(106) are the renormalized ones. 


4.12.2 a renormalization scheme 


This scheme uses the fine structure constant a. The new renormalization equation is 

a TIaa(O)- 


g 2 Sg =4na 


1- 


47T 


(107) 


where a = O'qiiij (0 ). Therefore, in this scheme, the finite counterterms are 


2 _ 2 
o ren o A 


l + ^-d & g 
4 n s 


c ren — c 


l + -^-djF c 
4 n 6 


5 M Kn =M Z: osc 


1 + ^ d ^ Mw 


where the parameters c (l and g A are defined by 

o Ana 


Sa -2 




;ra 


V2G P M? 


Z;OS 


(108) 


(109) 


The reason for introducing this scheme is that the S,T and U parameters (see Ref. [76]) have been originally given in 
the { a. G y . Mz] scheme while, for the rest of the calculations we have adopted the more convenient {G F , M \y , Mz] 
scheme. In this scheme, after requiring that M ]. os is a zero of the real part of the inverse Z propagator, we are left 
with one finite counterterm, d :f ’ ? . The latter is fixed by using G F and requiring that 


where we use 


1 g 2 f g" 

G F = ^{l+ g 


V2 


8 M 2 


1 


\6n 2 i M 2 


<5g 


i W W 


(0) — ^dZw +dZ*f w j AuvJ|, 


g — gren ^1 + dZ ? Ayv^ , gren — gA (l + ^ d 


for UV and finite renormalization. 


( 110 ) 


(111) 
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4.13 Wave function renormalization 


Let us summarize the various steps in renormalization. Consider the V propagator, assuming that V couples to con¬ 
served currents (in the following we will drop the label V). We have 


AjiV — — 


L/UV 


s — M 2 + D 

16 7T Z 


= -<5u V A '(s), 


( 112 ) 


where M is the V bare mass. The procedure is as follows: we introduce UV counterterms for the field and its mass, 

(113) 

10 71“ 10 71“ Iren 

and write the (finite) renormalization equation 


2 2 

AM ren =Z v (s-Z u Mi n )+-^D( S )=s-Ml n + -^D( S ) 


M ien ~ Mos + 


16 7T 


Re D (Mq S ) 


(114) 


where Mos is the (on-shell) physical mass. After UV and finite renormalization we can write the following Taylor 
expansion: 


AM I = (s —Mgs) ( 1 + ^w)+^((,-m 2 s ) 2 ), 

Iren \ 10 7T / 

where g e xp is defined in Eq.(99). The wave-function renormalization factor for the field <J> will be denoted by 


z 1//2 — ( 1 


§exp 

16 n 2 


- 1/2 


W<j> 


(115) 


(116) 


For fermion fields we use Eq.(77) and introduce 


v Rs) = --v i (s). 

Next we multiply spinors by the appropriate factors, i.e. 

Mf (p)~> (l TWfv+WfAT 5 ) Uf(p) Tif(p)->Uf(p) ^1 + Wfv — WfA/ 5 ) , 

where the wave-function renormalization factors are obtained from Eq.(58) 


W,v = i 


y f + 2M f A^-2M f 2 y/ 


s=M f 2 ' 


WfA = — — Af 


s=Mj 


For illustration we present the H wave-function factor 

W H =Re(w[ i 4) +g 6 W| 1 6) ) , 


= rffiW (M 2 ;OS ) Ml 


t(«) 

hm 


os +dA 


M w -os ' 


-n 


«) ( 

™V 


M\ 


(”) ( it/2 \ 

HH ^™H;OS J " j W;OS 

and we expand any function of .v as follows: 

/( s ) — f (Mos) + ( s ~Mq S ) df (Mq S ) + &((s — Mq S )~) 
with/ = nW,AW. For the W,Z wave-function factor we obtain 


H;OS 


— dl\^‘ 

vv w ““ uil ww 


VW ( M W;Os) 


Mi 


W ;OS 


T dA 


(n) 

ww 


(^WiOs) 


Mi 


-n 


(«) 


-2dJT 


(n) 




'Z ( M Z; OS ) M Z;OS+^^ZZ ( M Z;Os) ™W ;OS ^ xi ZZ 


MS 


W; OS W A A WW 
(n) 


(-^W ; Os) 


-2diT! 


(«) 

£ ) 


rt. 


(^Z;Os) 


-2d^ 


(«) 


(117) 


(118) 


(119) 


( 120 ) 


( 121 ) 


( 122 ) 


Explicit expressions for the wave-function factors are given in Appendix F. 
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Table 4: Vector-like notation for Wilson coefficients. 


a AA = W i 

a ifD = W 4 
«1WB = W 7 
tfdBW — WlO 
a\«f = W13 

0<|)lA = Wl6 
a t |>dA = W19 
o<jiuv = W22 


a Z z = W 2 
a<l>n = W 5 

aiBw = Wg 

«UWB = Wn 

a<i$ = W 14 
a^iv = W17 
a^dv = W 20 
a^LidQ = W 23 


Aaz = W 3 
a* = W 6 

fldWB = W 9 
duBW = Wl2 
= W 15 
fl<|)v = W 18 
«<|>uA = W21 
«Qu Q d = W 24 


4.14 Life and death of renormalization scale 


Consider the A bare propagator 

,2 


+ ^W=(R (4) + « 6 R (6) ) -+ £ (a 4 4* # 4 6 >)ta * +£ft, (123) 


^AA — 




where R*"' are the residues of the UV poles and L-"- 1 are arbitrary coefficients of the scale-dependent logarithms. 
Furthermore, 


The renormalized propagator is 


-7—1 

^AA 


{%} = {s,m -, mg, 11 % , mf, mg}. 


= z »»+ t |f z “M=>+ t | f ! : sw. 


Furthermore, we can write 


y'ren 

^AA 


(5)= £ (Li 4 ) +^ 6 Li 6 ) )lnA +Z - 
v Hr 




rest 
AA • 


(124) 


(125) 


(126) 


Finite renormalization amounts to write £'}'} (,v) = 17^ (s) s and to use ,v = 0 as subtraction point. Therefore, one can 
easily prove that 

d te(i)-n^(o)l 


d/J-R L 


= 0, 


(127) 


including {/■ ' contribution. Therefore we may conclude that there is no /i K problem when a subtraction point is 
available. After discussing decays of the Higgs boson in Section 5 we will see that an additional step is needed in the 
renormalization procedure, i.e. mixing of the Wilson coefficients. At this point the scale dependence problem will 
surface again and renormalized Wilson coefficients become scale dependent. 


5 Decays of the Higgs boson 


In this Section we will present results for two-body decays of the Higgs boson while four-body decays will be included 
in a forthcoming publication. Our approach is based on the fact that renormalizing a theory must be a fully general 
procedure; only when this step is completed one may consider making approximations, e.g. neglecting the lepton 
masses, keeping only PTG terms etc. In particular, neglecting LG Wilson coefficients sensibly reduces the number of 
terms in any amplitude. 

It is useful to introduce a more compact notation for Wilson coefficients, given in Table 4 and to use the following 
definition: 
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Definition The PTG scenario: any amplitude computed at ff(g n g 6 ) has a SM component of A(g") and two dim = 6 
components: at 0{g n 2 g (1 ) we allow both PTG and LG operator while at f?(g"g ,) only PTG operators are included. 


5.1 Loop-induced processes: H —► yy 


The amplitude for the process H(P) —> A^(pi)A v (p 2 ) can be written as 

KIa^^haaT^, M^T^ =p^p\-p l -p 2 S> lv . (128) 

The S -matrix element follows from Eq.(128) when we multiply the amplitude by the photon polarizations e tl (p i) e v {p 2 )\ 
in writing Eq.(128) we have used p ■ e(jp ) = 0. 

Next we introduce dim = 4, LO, sub-amplitudes for t,b loops and for the bosonic loops, 
l ^haa;lo = 2 + (Ml - 4 M t 2 ) C 0 (-Ml ,0,0; M t , M,, M t ) , 

\ ^ <a;lo = 2 + (m 2 - 4 M 2 ) Co (~M 2 , 0,0; M h , M h , M b ) , 

sCa-lo = -6-6 (Ml -2 M^j Co (-Ml , 0,0; M W , M w , M w ) , (129) 


where Co is the scalar three-point function. The following result is obtained: 

or _ : 8 ( <J?( 4 ) I „ C3^(6),£>\ | • — o?(6),a 

t^HAA — l 2 ^' V HAA ^HAA J + l 88 6 ^HAA ; 

where the dim = 4 part of the amplitude 


(130) 


^ (4) -2s 2 W y + 

^HAA — z ' !> 9 1 ^HAA;LO ' ,v HAA;LO 

\ 8“ f ) 


is UV finite, as well as which is given by 

M 2 

^haa =2-^- (s^a^w+c^a^B + SgCga^wB) • 

The component contains an UV-divergent part. UV renormalization requires 

„2 / i \ 

dZA + - dZ H + 3 dZ„ I Auv 


apien _ or 

^HAA — '-^H/ 


1 


8 


16 n 2 


c = c ren 


1 + 


———t- dZ c A[jv 
16 n 2 o 


8 = 8 n 


i+ 4^- dz ^ 


and we obtain the renormalized version of the amplitude 

3 3 

^ren _ • gren f y( 4 ) &-{6),b \ , • ^(6),a i ■ #ren ^(6) 

^HAA — 16^2 ^HAA+^e^HAA^nJ + lgreng 6 ^haa; ren + * 16 7l 2 ^ HAA ’ dh ’ ’ 


<^•(6) _ 
^HAA \div 


«.A uv («i) + ^{[, 


(131) 


(132) 

(133) 

(134) 


rW. 




rW. 


dZ H -dZ: M 7 v +2dZ^-2dZ ? 


(4) 


c ren 

Uaa - 2 dz[ 4) a AZ I A(j V , 


^(6),a _ ~ 

^HAAiren — 


Mi 


M re 


■ a AA ■ 


(135) 
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where a AA = s g c g WB + c 2 g + s 2 w and c e = c' en etc. The last step in the UV-renormalization procedure requires 

a mixing among Wilson coefficients which cancels the remaining (dim = 6) parts. To this purpose we define 


W '=L Z <7 W ?V Zjj = <5, 


■y 1 i6 tt 2 y 


& J 7 W A 

dZ,, Auv • 


(136) 


The matrix dZ w is fixed by requiring cancellation of the residual UV poles and we obtain 


l n MR 

^HAA-Hiv ' ^HAA 111 . • 


y HAA;div 7 ^HAA AXX ^2 

Elements of the mixing matrix derived from H —> AA are given in Appendix G. The result of Eq.(135) becomes 

^-ren _ : ^ren ( a?(4) , , <j46),R ] n ifji ) i ; „ „ ^( 6 )> a 

^HAA — ‘ l '''HAA ^6 6 * y HAA;finT5 6 ~ , HAA 111 fl/f 2 / ' ' Wen °6 ^HAA • 


(137) 


M 2 


(138) 


Inclusion of wave-function renormalization factors and of external leg factors (due to field redefinition described in 
Section 2.4) gives 


<^ren i _ oren 
HAA| 16 7T 2 


Wa + ^Wh 


1 +g 6 ^flAA+a^^-a^D 


(139) 


Finite renormalization requires writing 


M re „ — Mw 1 + 


Wen 
16 K 2 


d jr 


% 


cr = c w (i+-^d^ Cfl 
16 n 2 e 


Wen = gF 1 + 


Sf 

16 K 2 




(140) 


where gp = 4 \/2 C F and c w = Mw /My. Another convenient way for writing the answer is the following: after 
renormalization we neglect all fermion masses but t,b and write 


Mi 


3 2 

. w \ ' HAA . • H __. ren 

.^HAA - l ,1 _ K I ^HAA;LO +lgFg 6 Wl 


I=W,t,b 






L c/Ilfc W ren 4- W nfc w ren 4- V W nfc W len 

■**W,/ W / +' y HAA;b W 9 + 2- ^HAAit.i'WlO+i 
i=l,3 i=l,2 


(141) 


where Wilson coefficients are those in Tab. 4. The k- factors are given by 

< roc = 1 +g 6 A< 0C 

and there are additional, non-factorizable, contributions. The k factors are 

3 Ml 


a HAA 

AK t = 


16 s W M^ 
l r 


C 

Wwb + (2 — s 2 ) — a AZ + (6 — s^)a AA 


2 L 


— ^ o>d + 2s^ (c^ a zz — — 2a^, n ) 


a HAA 3 4/j 

Ak. = -- 


Q 

HAA ^ n 2\ w 2 \ 

: b “ "5 c m- ^wb + (2 - s w ) — ^ AZ + (6 - s w Ka 


°W J,1 W 


(142) 
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1 

2 L' 


u>d + 2 s w (c^ a zz + flb^> — 2 a^n) 


J s 


1 

T' 


Ak! 


HAA /r\ ■ 2 \ C W . , 2 \ 

■ W — ( 2 + s w ) 7“ Gaz + (6 + S W ) aAA 


~2 a >l>D _2s w (2 Q| l , n + c w azz) 


( 143 ) 


where Wilson coefficients are the renormalized ones. In the PTG scenario we only keep a t o- a b<j>-«<|>D and a o: in 
Eq.(143). 

The advantage of Eq.(141) is to establish a link between EFT and k- language of Ref. [4], which has a validity restricted 
to LO. As a matter of fact Eq.(141) tells you that K-factors can be introduced also at NLO level; they are combinations 
of Wilson coefficients but we have to extend the scheme with the inclusion of process dependent, non-factorizable, 
contributions. 

Returning to the original convention for Wilson coefficients we derive the following result for the non-factorizable 
part of the amplitude: 

^ha°a=M w £ ^HAA (a) a, (144) 

ae{A} 

where {A} = {a tWB ,abwB,aAA,aAZiflzz}- Finite counterterms, and d are defined in Eq.(97) and in 

Eq.(99). The results are reported on Appendix H. In the PTG scenario all non-factorizable amplitudes for H -> AA 
vanish. 


5.2 H Zy 


The amplitude for H(P) —> A^(pi)Z v (pi) can be written as 


AhIz = Mg ^haz <S MV + ^hIz Pi Pi + fKlz Pi Pi + ^hIz Pi pX + ^IklP i Pi ■ 


(145) 


The result of Eq.(145) is fully general and can be used to prove WST identities. As far as the partial decay width is 
concerned only will be relevant, due to p ■ e(p) = 0 where e is the polarization vector. We start by considering 

the 1PI component of the amplitude and obtain 


A t iv 

rt HAZ 


1PI 


M^a P zV v - 


^-p-(lPl) rpjXV 
^HAZ 1 


where T is given by 

M 2 H T^=p$p\-pi.p 2 8^. 
Furthermore we can write the following decomposition: 


^HAZ 


16 K 2 


' ^4 4 ) _1_ „ <7 

' V HAZ ^HAZ 


AG 




+ if 


, ^HAZ 


(6),a 


^( 1PI ) 

'HAZ 


sh 6 

16 K 2 


A 6 ) 


(146) 

(147) 


(148) 


l 6 ') _ 

^HAZ 


3c e s 2 ^C 0 (-M 2 ,0,-M 0 2 ;M,M,m) a AZ , 

Mil ' ' 


^HAZ — 


Mg 

M V 


2s 0 c 0 (a $w — ^b) + (2c 2 — l) c^wb 


(149) 


Explicit expressions for ^haz^ w iH n °t be reported here. The 1PR component of the amplitude is given by 


A pv 

^HAZ 


1PR 


= -4 AhaT (Pi, Pi) (Pi) = Mg < P Z R) S^ v + ^ h ( I z PR) T^ . 


Ml 


(150) 
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where A£“ A off 


denotes the off-shell H —> AA amplitude. It is straightforward to derive 


a _ , ^(IPR) _ n 

%AZ — -^HAZ + -^HAZ — U 


(151) 


i.e. the complete amplitude for H —> AZ is proportional to T“ v and, therefore, is transverse. UV renormalization 
requires the introduction of counterterms. 


<37ren _ 6? 

- e -'H/ 


s=c (1 + 


1 + 


1 


g~ 


2 16 k 2 


(dZ| ( ■ dZ x -)- dZ/ — 6 dZAi 


Wen 

16 7T 2 


dZ r A 


‘UV 


g = grt 


UV 


l+^WdZ„A, 


16 7T“ 


'A'^UV 


and we obtain the following result for the renormalized amplitude: 


^ren _ 

^HAZ — 


, g\ 


16 


en_ f ^(4) , ^(6),fo A , • i ■ ggn ^ 

2 \^HAZ ' 66 ^HAZjfin J ' *5ren5 6 ^HAZ;ren ' 1 2 


( 6 ) 

HAZ;d('v ’ 


'- y HAZ;div 




I 4 dZ H 4) - 

. L2 H 


dzi 4, - ? dz-;-2dz: 


(4) 


z(4) 


^AZ 


2 dZ c (a A A _ a zz ) \ Auv, 




(6),a 


Mi 


M„ 


■ ^AZ , 


(152) 

(153) 


(154) 


where a AA = s 0 c e 04 WB + c 2 + s 2 a^ w and c 0 = c' en etc. Once again, the last step in the UV-renormalizationproce¬ 
dure requires a mixing among Wilson coefficients, performed according to Eq.(136). We obtain 


<^(6) 
^HAZ ;div 


^(6),R 

^HAZ 



(155) 


Elements of the mixing matrix derived from the process H —> AZ are given in Appendix G. After mixing the result of 
Eq.(154) becomes 


£y-ren 

^HAZ 


g I'cn 

16 7t 2 


^4 4 ) + e 

•^HAZ T g, 


^(6 ),b 

6 ^HAZ; fin 


+ g 6^H 


(6),R 


6^HAZ 


In 


Mr 

M 2 


igi, 


„ az((>),a 

n 6 6 ^HAZ • 


(156) 


Inclusion of wave-function renormalization factors and of external leg factors (due to field redefinition, defined in 
Section 2.4) gives 


£y-ren 

^HAZ 


i-I 


g ren 


2 16 7T 2 


(Wh+Wa+Wz) l+g 6 «AA +«ZZ + #<!>□ — ^ a (|>D 


(157) 


Finite renormalization is performed by using Eq.(140). To write the final answer it is convenient to define dim = 4 
sub-amplitudes i^ AZ . L0 (I = W,t,b): they are given in Appendix I. Another convenient way for writing .Tjj AZ is the 
following: 


eP-ren _ ■ g I 

HAZ “ tt 2 M 


E HAZ , • 

K I c -'haz;lo + ! £f <?6 


z I=W,t,b 


K 

M 


Wf n 


+ i 


; gU 6 


L ^nfc W r< 
' v HAZ;W,i w ; 

(=1,4 


E <?* ,W re 

^HAZ;t,l vv ( 

(=11,12,22 


nfc ^yr en 


I ^HAZ;b,i vv ( 

(=9,10,20 


(158) 


The factorizable part is defined in terms of k- factors, see Eq.(142) 

Ak ( = — (2a tl | ) -\-Aa§ a — + 6a AA + 2a Z z) > 
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ClAA , 


Ak 


b — — (2flb4> — 4a^ n + — 6oaa — 2a zz ) , 


a .haz 1+6c w_ 

— 2 ^<t>D ' 

c w 


11+44 




1 l+<~24< 

2 cr„ 


, 1 /, , 2 „ 4 \ s w ,1 1 + 15c w-24ct 

+ - (^l + 12c w -48c w J ^-Gaz + 2 - ^2 - ° zz - 


(159) 


In the PTG scenario we only keep at^,a\,^,a^D and a ol in Eq.(159). 

Returning to the original convention for Wilson coefficients we derive the following result for the non-factorizable 
part of the amplitude: 

^haI= E ^hIz (a) a, (160) 

ae{A} 

where {A} = {a^tv^tBw^twB^^bv^bwB^bBWjfl^D^Az^AA^zz}- In the PTG scenario there are only 3 non-factorizable 
amplitudes for H -» AZ, those proportional to , v , «,j h v and a oD . The full results are reported on Appendix H where 


^■AZ — 


K 

K 


Mz_ 

K 


(161) 


5.3 H -* ZZ 

The amplitude for H(P) —> Z^(pi)Z v {p 2 ) can be written as 

Ahzz = ^HZZ <5 MV + ^hzzP^ Pi + ^ffiz Pi Pi + ^uzzPi Pi + ^nlzPi Pi ■ (162) 

The result in Eq.(162) is fully general and can be used to prove WST identities. As far as the partial decay width 
is concerned only .'Z^ z7 = /^ H zz will be relevant, due to p ■ e(p) = 0 where e is the polarization vector. Note that 
computing WST identities requires additional amplitudes, i.e. H —> (|) 0 y and H —► p 0 ^ 0 . 

We discuss first the 1PI component of the process: as done before the form factors in Eq.(162) are decomposed as 
follows: 


API 


M 

£ 


^HZZ ' 8 r2 +l l6j T 2 (^HZZ + g 6 ^'HZZ 


API 




(4) 1P1 

(6) 1PI 


( 6 ) lPI.b 




'*) +iss, 3 >iS.T"- 


(163) 


It is easily seen that only contains dim = 4 UV divergences. The 1PR component of the process involves the A —Z 
transition and it is given by 


At iV 


HZZ 1 1PR Ml L 


•^AA (pi , P 2 ) ^AZ (Pi) + ^HAA (pi . P 2 ) ^AZ (P 2 ) 


(164) 


where the H —> AZ component is computed with off-shell A. The r.h.s. of Eq.(164) is expanded up to g 6 ) and 
we will use 

^HZZ = , ^HZZ = ^ + « ■ d65) 


Complete, bare, amplitudes are constructed 

M 


Gh — ; p _ 4 .; ( <a( 4 ) 1 „ aj(6),b\ 1 • 

-~HZZ — l ° c 2 ' 16 7T 2 V " Z?HZZ -^HZZ J < 1 g g(, -* HZZ ) 


■ g 3 ( 

‘ 16:i 2 V 




HZZ +^6 ^ HZZ 


5(6 ),b 


) +G 


2 ( 6 )>« 

HZZ I 


(166) 
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where the &{gg 6 ) components are: 


U 6 ),a_ M( 1 \ (Ml 

™hzz — ~ 4 a <l>D J + I - 


Me, — 2M| \ s 2 s 

- M ] a zz — M -f- a AA —M — ciaz , 

J c e c e 


M 


£ 2 >( 6 )> a _ 7 ^ „ 

•^HZZ ~ z ^ “ZZ • 

UV renormalization requires introduction of counterterms, 

„2 


HZZ — -^HZZ 


1 + T§je ( dZz + e dZii ~ 3dZ * 


where = £>,& and dZ; = dzj 4 "* + g 6 dZ: 6i . We obtain 


M„ 


v HZZ — —Ig l 


ren (cr) 2 


I I ffren / ^(4) ^(6) \ 

+ 16 7T 2 V ^ HZZ +1?6 " /hZZ ; fi ”/ 


+ ig™g 6 ®$f n ’ a + i^g 6 ®^, 

&HZZ = i ^ ^ HZZ; fi 

3 

+ i P „ <*>( 6 ) ,ren , • gren <*»(6) 

^‘5ren56^HZZ ■ 1 ^ ^2 °6 ^HZZ ;div • 


(167) 


(168) 


(169) 


The explicit expressions for J^zz-av will not be reported here. The last step in UV-renormalization requires a mixing 
among Wilson coefficients, performed according to Eq.(136). After the removal of the remaining (dim = 6) UV parts 
we obtain 


«-( 6 ) 
^HZZ; div 


®-( 6 ). R ln % 

^HZZ ln ^2 ■ 


(170) 


Elements of the mixing matrix derived from H —> ZZ are given in Appendix G. Inclusion of wave-function renormal¬ 
ization factors and of external leg factors (due to field redefinition, introduced in Section 2.4) gives 


ren 

^HZZ 


1 - 


1 


oren 


2 16 n 2 


(Wh + 2Wz) 1 + ( 2#zz+ — T “<|>D 


(171) 


Finite renormalization is performed by using Eq.(140). The process H —> ZZ starts at 0(g), therefore, the full set of 
counterterms must be included, not only the dim = 4 part, as we have done for the loop induced processes. 

It is convenient to define NLO sub-amplitudes; however, to respect a factorization into t,b and bosonic components, 
we have to introduce the following quantities: 


W H = W H w + W h t + W h b W z — W z w + W z t + W z b +E ge n W Z; f_ 

d^ = d^ ; w + Ege„d^ ;f dc 0 = dj*° ;W +diF Cg ;t + dj ° Cg ;b +E g end^°C 0 ;f (172) 

d^°M w = d J°M W ;W + E g en d M w ;f 


where W<t . 0 denotes the o component of the <I> wave-function factor etc. Furthermore, E gen implies summing over all 
fermions and all generations, while E gen excludes t and b from the sum. We can now define K-factors for the process, 
see Eq.(142): 


a HZZ 2 , 

AK D;LO= S w a AA + 


K 


“zz + c w s w “az + 2a ( | ) n, 


(173) 


AK t;D;NLo — a ti|)+2a^n — — fl(|)D + 2«zz S w a AA ■ 
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^ K b;D;NLo — ^b<j> -\-2a^a~ H~2a zz H-s^^ A a ? 


a hzz _ 1 
AK W;D;NLO — ^ 


+ S„ 


4 H—— I + 2^(|,n + s w ^aa 

V C w ) 

( 3Cw + f^) aAZ + ( 4 + C w) ' 


^ K t;P;NLo = a tc|)+2a^D — — city D + 2a zz + a AA , 
^ K bfp;NLo = — a bif + 2a^n — — +2a Z z + s^, a AA , 
^ k W;P;nlo = 4a,j,n+ — + 12a zz + 3 a AA 

and obtain the final result for the amplitudes 


Mw HZZ . <?F Y 7 HZZ 
~ ~ ^ F 7r K D;LO +, 3 2- K I;D;NLO-^HZZ;NLO 


: &F ^,(4);nfc | . gp 


+ i^- 


2 HZZ 


I=t,b,W 

^(6);nfc/ 


f§s 6 E« n >), 


M 


o • flzz , • £f X -1 hzz 
~ l8F§6 M w V i= ^ w K I;P ; nlo^hzz;nlo 

+ * f§S 6 E ^Hzz nfC (a) ■ 

K ~ M 


(174) 


(175) 


Here we have introduced 


^(4);nfc _ 1 


32 c 2 
L w 


Dimension 4 sub-amplitudes. 


2 Ege„ W Z ;f - E dZ ^W 4 +4Ege„ dZ c e 4~ 2 E dZ *; 
\ gen gen 

j, ^hzz ; nlo (7 = W,t,b) are defined by using 

/pf 2 ( 1^2 

A Z =M^-4M|, 


(176) 


m h 

2/77 — -r— 4 — 

M 2 Ml 


(177) 


J w iKJ w 

and are given in Appendix I. Non-factorizable dim = 6 amplitudes are reported in Appendix H, using again Eq.(177). 


5.4 H -» WW 


The derivation of the amplitude for H —> WW follows closely the one for H —> ZZ. There are two main differences, 
there are only 1PI contributions for H —> WW and the the process shows an infrared (IR) component. 

The IR part originates from two different sources. Vertex diagrams generate an IR Co function: 




In ^—r A ir + Cq (—Mfl , ; M w , 0, M w ) , 


j3w /3w + 1 


(178) 


where we have introduced 




g 2 - 1 _ 4 _H 

Pw — 1 H ,,7 > 


M 2 


Air = - + In 


K 


M 


2 ’ 


(179) 
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The second source of IR behavior is found in the W wave-function factor: 


The lowest-order part of the amplitude is 


The &(gg 6 ) components of H —> WW are: 


W w = -2s"A ir + W w 


= ~gM. 


a(6 ),a _ 
'hww — 


M 


\ 1 s- Sfl 

+ M I — a AA — M — a AZ , 

) 4 c e c o 


^(6),a _ 9 J_ 

■^HWW — z m «<|>W ■ 

With their help we can isolate the IR part of the H —> WW amplitude 

1 


1IR 


= 1, 


iir 


/3w — 1 A 
In —- t Air , 


/3 W + 1 


(180) 

(181) 


(182) 


(183) 


tIIR 

%ww 


(C+ g 6 9®*) 


(a4+a4) 


1 


; sl 


16 n- 


*> LO 

•HWW 


K 

K 


s“ a 4> w — 4s“ a^, w — 2 s'" 


(184) 


Having isolated the IR part of the amplitude we can repeat, step by step, the procedure developed in the previous 
sections. There is a non trivial aspect in the mixing of Wilson coefficients: the dim = 6 parts of H —> AA, AZ and 
^EZHww contain UV divercences proportional to W) 7 3 ; once renormalization is completed for H —» AA, AZ and ZZ 
there is no freedom left and UV finiteness of H —> WW must follow, proving closure of the dim = 6 basis with respect 
to renormalization. 


We can now define K-factors for H — > WW, see Eq.(142). They are as follows: 

'Ml 


A k d ; lo = s w ( -5 Mw I (a AA + a AZ + a zz ) + — Mw — 2Mw a§a, 


(185) 


;D;NLO — ^tV+^tA + ^bV+^bA -a dc|> + 2a ( p — — Op 

2 2 

+ s w flbwB + c w fl bBw +5s w a AA +5c w s w a AZ + 5c w a Z z, 
A hww _ 1 s w 23 35 

AK W;D;NLO — Qfi c 2 a ^ D + p a $ n gg 


+ 4 s w a AA + J^ s e ^3 -1“49c w j a AZ + - (9c^ + s^ a zz , 

^ k Q;P;nlo = a i])tv + fl4>tA+0(|>bv+ a 4>bA~ a di|)+2a4>n — — ap 

+ s w ^d wb + c w 0dBw + 5 a AA + 5 c w s w a AZ + 5 c^ a zz , 

Ak—;nlo = 2 a§n — 2ap + 5 s^ a AA + 5c w s w a AZ + 5c^ a zz . (186) 

Next we obtain the final result for the amplitudes 


-a ,, hww . £f \ ’ hww fjA 

-Zhww — — IgpMfff Kj3 :LO + ; ~2 2-i K I;D;NLO -^HWW;NLO 

n ~ I=q,w 
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5.5 H —» bb(x + T~) and H —>• 41 

These processes share the same level of complexity of H —► ZZ(WW), including the presence of IR singularities. They 
will be discussed in details in a forthcoming publication. 


6 ElectroWeak precision data 

EFT is not confined to describe Higgs couplings and their SM deviations. It can be used to reformulate the constraints 
coming from electroweak precision data (EWPD), starting from the S, T and U parameters of Ref. [76] and including 
the full list of LEP pseudo-observables (PO). 

There are several ways for incorporating EWPD: the preferred option, so far, is reducing (a priori) the number of 
dim = 6 operators. More generally, one could proceed by imposing penalty functions ft) on the global LHC fit, 
that is functions defining an ft) -penalized LS estimator for a set of global penalty parameters (perhaps using merit 
functions and the homotopy method). One could also consider using a Bayesian approach [78], with a flat prior for 
the parameters. Open questions are: one k at the time? Fit first to the EWPD and then to H observables? Combination 
of both? 

In the following we give a brief description of our procedure: from Eq.(48) and Eq.(84) we obtain 

4a + 1pr W = - tao) +g 6 -L flAZ n^(o)j s + ^( S 2 ) = n^ A s+<ri(r). (190) 

L Mq J 

>From Eq.(56) and Eq.(84) we obtain 

4a +1pr (s) = - [n£[(0) +g 6 s2ft AZ ni«(0)] 5 + 0{s 2 ) = H£ A 5 + 0{s 2 ) . (191) 

>From Eq.(52) and Eq.(84) we derive 

d zz + 1PR ( s ) =Azz(0)+ [fl zz (0)— g 6 —a AZ n 2 A (0)1 s+0{s 2 ) = A zz (0)+£2| z (0)s + ^ 2 ). (192) 

c e 
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Similarly, we obtain 


(193) 


Dww( s ) = Aww(O) +i2 W w(0)s + ). 

The S,T and U parameters are defined in terms of (complete) self-energies at s = 0 and of their (first) derivatives. 
However, one has to be careful because the corresponding definition (see Ref. [76]) is given in the {a, G F ,M Z } 
scheme, while we have adopted the more convenient {GY. M w . M -/} scheme. Working in the a-scheme has one 
advantage, the possibility of predicting the W (on-shell) mass. After UV renormalization and finite renormalization 
in the a-scheme we define . ()S as the zero of the real part of the inverse W propagator and derive the effect of 
dim = 6 operators. 


6.1 W mass 


Working in the a -scheme we can predict M\ y. The solution is 

M , 2 


™w a r 

Ml 6 n l 


1 _ T^ 6 a >l>D 


Ag^Mw + J2 (l +4 t ? 6 a|, 1 ) ) J M w + ^1 + 4g 6 aj, q ^ A q *M W 


+ S 6 


i(6) 


47w + 52 (a{ 6) M w + Aq 6, M w j j. 

gen X 


(194) 


where c 2 is defined in Eq.(109) and we drop the subscript OS (on-shell). Corrections are given in Appendix J. The 
expansion in Eq.(194) can be improved when working within the SM (dim = 4), see Ref. [44]: for instance, the 
expansion parameter is set to a(Mz) instead of a(0), etc. Any equation that gives dim = 6 corrections to the SM 
result will always be understood as 


0=0 SM 


a 

■ + 7 ,?6 

imp K 


(195) 


in order to match the TOPAZO/Zfitter SM results when g 6 —> 0, see Refs. [79-81] and Refs. [82,83]. 


6.2 S,T and U parameters 


The S,U and T (the original p -parameter of Veltman [84]) are defined as follows: 


<xT — —~2 D ww ( 0 ) - —j D zz ( 0 ) , 

M w M i 

a s = o zz (o)-^^.n ZA (o)-n AA (o), 


4s 2 c 2 
e e 


a 

4§f 


u = o ww (o) — c 2 o zz n ZA (o) — §“ n A A (o), 


(196) 


where all the self-energies are renormalized and s 0 is defined in Eq.(109). One of the interesting properties of these 
parameters is that, within the SM, they are UV finite, i.e. all UV divergences cancel in Eq.(196) if they are written in 
terms of bare parameters and bare self-energies. When dim = 6 operators are inserted we obtain the following results: 


aT = a + ag 6 , 

1 —2s 2 

aS = a^ (4) — 4g 6 „ „ 9 a AZ + ag 6 y {6) , 
s e c e 
1 —2s 2 

aU = a^f (4 ) -4g 6 ^ . 3 % a Z + « i ? 6 ^ (6) 
S 0 C B 


(197) 


and the introduction of counterterms is crucial to obtain an UV finite results. Explicit results for the T parameter are 
given in Appendix K where, for simplicity, we only include PTG operators in loops. 
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7 Conclusions 


In this paper we have developed a theory for Standard Model deviations based on the Effective Field Theory approach. 
In particular, we have considered the introduction of dim = 6 operators and extended their application at the NLO 
level (for a very recent development see Ref. [85]). 

The main result is represented by a consistent generalization of the LO k- framework, currently used by ATLAS and 
CMS. 

This step forward is better understood when comparing the present situation with the one at LEP; there the dynam¬ 
ics was fully described within the SM, with Mh a s (Mz),. .. as unknowns. Today, post the LHC discovery of a H- 
candidate, unknowns are SM-deviations. This fact poses precise questions on the next level of dynamics. A specific 
BSM model is certainly a choice but one would like to try a more model independent approach. 

The aim of this paper is to propose a decomposition where dynamics is controlled by dim = 4 amplitudes (with known 
analytical properties) and deviations (with a direct link to UV completions) are (constant) combinations of Wilson 
coefficients for dim = 6 operators. 

Generalized K-parameters form hyperplanes in the space of Wilson coefficients; each K-plane describes (tangent) 
flat directions while normal directions are blind. Finally, k- planes intersect, providing correlations among different 
processes. Our prescription allows a theoretically robust matching between theory and experiments. 

Only the comparison with experimental data will allow us to judge the goodness of a proposal that, for us, is based on 
the belief that SM deviations need a SM basis. 
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A Appendix:/3 h and T 


In this Appendix we present the full result for /3 h , defined in Eq.(43). We have introduced ratios of masses 


M h 


M f 


M w M w 


etc. The various components are given by 

/+ = I (4 + 3.^ + 3.4) + I (12 + 2, h + 3xS) + i 


(198) 


o(4) 1 1+2c o 


. 

Po — o 


ft ( n 4) = - Jo? («w) (6 + x h )-|«8T (M H ) 4- J ^ 

+ [ 2a o” (M u ) +3ao“ (Ma) *a +4” (Mi) xfj 


- «o” (Mz 


( 199 ) 


/+ — „-j— a <t> w + q (36 + 2 .v h + 3 xJ)^w — t 52 [ 2 + 4 a$n + 4 a^ w — a^, D ).x^ 

° ^ g en L 


— 3 (4«d<|) — — 4« ( j,w H- <^<i) d)H- 4<3 ( | ) w — fityD — 4 «l<(>) j 

3 2 11 2 

+ ^ ( 4 fl(|,n + 4 « ( j )W +<2,1,0 + 8s 0 <2<j)B — 8c 0 s e a^wb) ^4" 32 ( 4 fl <|>n — ^<I>d) (12 — 2 a h + 7 a h ) 


1 Ah 

— ( 4 fl^ n +a<j,o + 96 c^ ^2" 


^0 ^ — — g |^8 s 2 Q +4(1 + 2c^ )<?((,□ +4(1 + 2cjj +6c^)« ( | )W + (1 — 2c 4 )<2,|, D — 8c 0 s 0 <3 <(>wbJ 


12 + a h 


ftn — 3<2 o" (Mh) CltyXu — J^o" (Mw) (18+ A H ) fl(])W — (Mz) - 2 - a ^ w 

4 8 C 0 

+ — ^ |"3 (4<2 u <|) + 4 a^a + 4<2 ( | ) w — ^d)^" (M u ) +1 ~ 3 (4<2d^> — 4a^a —4a^ + «<{>o)(Md) 


+ (4a^[j + 4 < 2 ^,w — QtyD ~ 4 < 2 n|))< 2 o n (Mi) a^ 

3 11- 

_ T6 ^ a< l )I=l + ^<|>d + 8s^ <2,1,3 — 8c 0 s e ^wb) -4"^o n (Mz) — ( 4 a^, a — a^ D )a.Q n (Mw) (6 —a h ) 

1 a 1 

+ ^2 ( 4 fl <|>n + a <t>D)^o n (Mz) ~2 — ^2 (^^ fl <l»n + 12 ^(|)W — 7 < 20 D )< 2 Q n (Mh) a^ 

We also present the full result for T, defined in Eq.(14). We have 

t 4 4 ) — ^ r( 4 ) — ^ p( 4 ) — ^ ,+ n f a/) 

1 -1 - “ g 1 0 -g [ fin -g fl 0 W 


■p(6) _ ^ r-'(6) _ 1 -p(6) _ 1 fin / %j\ 

1 -1 — — Y+t>W ^0 — Y i fin — 


i.e. r = r< 4 ) (i+2g 6 ^ w ). 


( 200 ) 

( 201 ) 

( 202 ) 


B Appendix: Renormalized self-energies 

In this Appendix we present the full set of renormalized self-energies. To keep the notation as compact as possible a 
number of auxiliary quantities has been introduced. 
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B.l Notations 


First we define the following set of polynomials: 


[f~[ 


where s = s g and c = c g 


F£ = l- 6 c Ft = 4 — 9c RJ = 1-c 
F^ = 2 — 15c F^ = 2 + 3c F§ = 11-3? 
F“ = 8-3 j 


Fq — 1 + 2 c 

F 3 — 1 + c 

Fg — 1 4-24? 2 c 

F* = 3 + 4c 

FJ, = l+ 20 c- 12 ?c 

F 35 — 1 — 12 HJ c 

Ff g = 19- 18.? 

F*, = 1+4FJc 
F* 4 =5 + 12c 2 
F* 7 =21-4F“ 6 ? 

F * 0 = 3 - 10c 
F 33 — 4 — 7 c 


F* = l+3c 
Fj = l+4c 
F7 = 1 +FqC 
Ff 0 = 5 + 8c 
Fj 3 = 5 — 20c+ 12?c 
F| 6 = 3 + 8?c 
Ff 9 = 1 - 12c 2 
F*, = l+8FJc 2 
F 25 — 5 — 4F 4 c 
F 28 = 39 — 40? 

F ?i =3-2s 
F 34 = 2 4- c 


Ft = 1 + 18c 
F| = 1 - 2 ? 

Fg = l+4F“c 
Fj! = 1 -40c + 36?c 
F ? 4 = 5-3? 

Ft, = 13 + 4Ftc 
Ft„ = l-24c 3 
F 23 — 4 — 3 ? 

^6 = !3- F 5* 

F 29 = 1 — 4 sc 
F 32 = c + 2s 


G 


where we have introduced 


where Q\ = -1, g u = \ and g d 


v f = 


1-2 


gf 

n 


s 


2 

G 


— ^; if is the third component of isospin. Furthermore 


(i) _ 
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'T +3 (v„ +Vd) 


( 2 ) _ 2 , /-> 2 , 
Vgen — Vj + 2 V u + V d 


G 0 = 1 — 3 v d 
G 3 = 20 — 3 vgg n 
G 6 = 1 + vf 
G 9 = 2-vf 
Gi2 — 1 — V u 
Gj 5 = 1+V d 
Gi8 = 2 +V u + v d 
G 21 — 3 + vi 
G 2 4 = 2 — v u 
G 27 — 2 + v d 
G30 = 2 + 3 vi 
G33 = 1 - vf 

G 36 = 1 +7vi 
G 39 = 8 + 3 vj 
G 42 = 1 — vf 
G 45 = 3 — 4v u 
G 48 = 4 + 3 v u 
G 51 = 13 — 3v u 

G 54 = 1 +2v d 
G 57 = 3 + 4v d 
G 60 — 3 — 5 v d 


Gi = 3 - vj 

G 4 = 1 +vf 

G7 = 9 + Vgg n 

G10 = 2 — vf 

G13 — 1 + v u 

G16 = 1 - 3 vj 

G19 — 3 — 5 v u 

G22 = 9 - 5 v u -v d - 3 vi 

G25 = 2 + v u 

G 28 = 2 — vj 

G31 = 6 + 5 v u 

G34 = 1 — 2 V[ 

G37 = 3 — 4 vi 
G40 = 1 — 7 vi 
G43 = 1 — 2 v u 
G 46 = 3 + 4v u 
G49 = 16 + 9 v u 
G 52 = 1 - vf 
G55 = 2 + 3 v d 
G58 = 3 + 5 v d 
G 6 i = 5 — 3 v d 


G 2 = 5 —3v u 
G 5 = 1 +v 2 
G 8 = 2-v 2 
Gn = 1- vi 
G 14 — 1 — v d 
Gn = 1+Vi 
G 20 — 3 — v d 
G 23 — V u — v d 
G 26 — 2 — v d 
G29 = 2 + Vj 

G32 = 6 +v d 
G35 = 1 + 2 vj 
G38 = 3 + 4 vj 
G41 =7 —vi 
G44 1 +2v u 

G47 = 3 + 13 v u 
G 50 = 3 — 13 v u 
G53 = 1 — 2 v d 
G 5 6 = 3 - 4 v d 
G59 = 8 + 9 v d 



where we have introduced 


Mi 

Xf = — etc. 
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H 0 = 3*5 + 3*5 +4 
H 3 = -2*5 +4 

h 6 = -*5+*5 

H 9 = 1 +*5 
H 12 = 2 + *j 

H 15 = l-*5 

Hig = 2-xl 


H, = 3*5+ 3*3+*/ 

H 4 = 2xl +4 
H 7=*5+*d 


Hio= 1-4 
Hi 3 = 2-4 


Hi 6 = 2-4 -4 


H 2 = 4 4 +4+34 
h 5 = 104 + 4+94 
h 8 =4- 2 44+4 
H 11 =2-4 -4 
h 14 = 1 +4 
H n = 2+4 




where we have introduced 


M f 

x F = — etc. 
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Io — 2+4 

I 3 = 2 + 34 

I 6 = 1 + 2 *J- 
I 9 = 1 + 24 


h =2 -xl 
I4 = 4 — 

I 7 = 1 +4 

IlO = 1 +^D 


I 2 — 1 + 2 *£ 

I 5 = 4+4 
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In = 2 + 34 
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j 6 = 2 + 11.4 

J 7 — 3 + 4xjj 
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j 9 = 10+4 

J 10 = 36+4 

J 11 = 4 + 3*s 

j 12 = 2+4 

J13 = 3+4 

j 14 = 4+Xs 

J 15 = 6 — 4 

J16 = 8 — Jts 

J17 — 8 +*s 

K 

1 

O 

II 

j 19 = 12+Xs 

J 20 = 2-34 

J 21 = 12 — xs 

J 22 = 12 + 5*s 

J 23 = 12 — 4 

J 24 = 32 — 3*s 

J 25 = 32+*s 

J 26 = 48+*s 

nS 

K 

1 

H 

(N 

II 

J 28 = 2*s +4 

J 29 = 5* s -4 

0 

II 

VO 

1 

u> 

J 31 =58-34 

J 32 = 70-34 

nl 

H 

CO 

1 

VO 

O 

II 

J 34 =*s -4 

J 35 = 1 +4 

J 36 = 8 + 34 

J 37 = n*s -4 

J 38 = 12*s —2. 


J 39 = 1 - 2x s 

J 40 = 1 + 2*s 

J 41 = 1 +2* s -4 

J 42 = 1 + 10*s 

J 43 = 1 + 10*s — 2*pj " 

- 24 * 3+4 J 44 = 1 + 18*3 

J 45 = 2 — 68 *s — 4 

J 46 = 3 + 5*s 

J 47 =42+4 

J 48 = 9 — 5*s 

J 49 = 1 +5*s 

J 50 = 3+*s 

J 51 = 7 — 5*3 

J 52 = 8 — 5*s 

J 53 = 13 + 5*s 

j 54 = 20 — 34 

J 55 = 23 — 15*s 

J 56 = 1 +3*s 

J 57 — 1 — 7*s 

J 58 — 1 — 9*s 

J 59 = 1 — 5*s 

J 60 = 1 — 3*s 

J 6 i — 1 — *s 

J62 = 1 +*S — 4 

J63 = 1 +4*s 

J64 = 1 +9*s 

J65 = 1 + 12 *s 

J 66 = 1 + 14*s 

J 67 = 1 + 14*s — 4 

J 68 = 1 + 22 *s — 2 *h 

J 69 = 2-56*s -4 

% 

1 

C9 

II 

0 

J 71 = 2 + 3*s 

J 72 = 2 + 5*s 

J 75 = 20-4 

J 73 = 3 + 14*s 

J 76 = 1 +*s 

J 74 = 8 + 24*s — 4 



14*1*8 +*H 
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Ko = x s + 2xl K i = *s + 2x\ K 2 = x s + 2x\ 
K 3 = x$ — 6xf K 4 = xs +xf K 5 = 2 ^s — 
Kfi —2 — xs K 7 = 2 +xs 


0 

L 0 = -xl +x s 
L 3 = -xl +2.v s 
U = -*ii +*s 
L 9 = ~4 +2x s 

L 12 — — 2*0 +.YS 

L 15 = 4 -2x s 4 + 4 


Li = -24 +*s 
L4 — 4 4- 2*s 
L 7 — — 2:qj + Ys 
Lio = 4-2x s 4+4 

L 13 — 4 + ^S 


l 2 =4 +x s 

L 5 — A'/. 4 — 2.Ys 4 +4 

Ls = 4+*s 

L n = -4 +- v s 

L 14 = -4 + 2x S 


B.2 Renormalized self-energies 


The (renormalized) bosonic self-energies are decomposed according 1 


r 




(s)Ml+ u\f (s) s + g 6 (aJ> (s) Mi + nj ; 6) (s) 5 


Dij{s) ~ 16tt2 L 

while the (renormalized) fermionic self-energies are decomposed as 


S f = 


8~ 


16 7T 2 L 


V^ ] if + if y 5 + 4 4) % + g 6 (v}P if + A^ f 6) if y 5 + E[ f 6) M w 


In the following list we introduce a shorthand notation: 

Bq (mi, m 2 ) = Bq (-s; mi , m 2 ) 
and several linear combinations of Wilson coefficients 


a 4>W — c g a ZZ + S“ «AA + CgSg «AZ 


fl(|>B — Cg ^AA + S" C!ZZ ~ C e S 0 ClAZ 


I I '"a 1 '"6 

<4wb = (l — 2 s 0 J a A z + 2 c 0 s 0 («aa — ttzz) o<|>wb = c 0 a^wa ~ s 0 a^wz 
= S 0 fl(|)WA + C e <341 wz 

*4d = 2 (^qdA 


(a) _ 

^(])WB ^(])B 


a « - I 

a 4>q _ 4 


(()U v +^([)UA ^<j>dv ^([)d a) 


^UVA 


= 2 («lq+4q) 


a (|)u — 2 (^ 4 *uV C^ua) 

V + <4dA + <4uV + a <|>uA 


a {3) - I 
u <9 q - 4 

a <|>dVA 


= 2 ( 


(3) (1) 


1 — 2 ( a qlA ^(j>lv) 

= \ ( a 4 >lv + < 41 a + <4v) 

a lw = S g a lWB + C e a lBW 
flu W = S 0 fl uWB + C g fluBW 
fl dW = s 0 a dWB + c 0 fldBW 

J3) _ 4 „( 3 ) _i_ 9 „ 

a (|)lw — 4a <|)l + 2a 4’W 

a (])WD + a JwD = 

a c|>WAB = fl^WA — 2s 0 City B 

Ql<|)n = 

^d(t>n = ^d<j) ^<t>n 


a ql ) = - \ («4)1v + «(|)1 a) 

°*iva= 2 (a2 ) - a ff) 

fllB = ^C 0 dlwB + S 0 a lBW 

^UB = C 0 fluWB — S 0 fl U BW 

a dB = ~Cg fldWB + s 0 ^dBW 

fl [qw = 4a iq 2 tl(j)W 

„(+) _„(“) _ 2(7 

U (|)WD U (|)WD — Z-UcJlD 

a (|)WAD = 4S 0 fl^WA — c g a (|)D 

^u4>n = ci u(j> -f 


(203) 


(204) 


(205) 
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All functions in the following list are decomposed according to 


2 

F = £ (207) 

n=0 

where Fq is the constant part (containing a dependence on /ip>), F\ contains (finite) one-point functions and f? the 
(finite) two-point functions. Capital letters (U etc.) denote a specific fermion, small letters (u etc.) are used when 
summing over fermions. 


• H self-energy 


iC ; o = ^^-^Lh 0 L r 


1 „ Lr 1 


2 " c 2 2 ■ 




n HH ;2 = \ 4 B o" (Mo, Mo) + Bg" (M, M) - \ £ 4 Bq” (M,, M,) 


B o n ( M » , M u ) - \ ^ Bj” (M d , M d ) 


A HH;0 = 2+±-C(2-3L R )- - JoL r + 2 Hi L r 


1 1 


2 c‘ 


4*1=0 
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+ g (^D — 4fl<t,n)^ Bq" (Mh , Mh) 

- 7 E( fl iwo - 4 «i(|»n)^ B o n (M ,M) - | L(4wD- 4 «d^)^Bg n (M d , M d ) 

gen gen 

- 7 E^ a iwD + 4 a ui|in)rJ Bq" (A/ u . M u ) 

gen 

A HH;0 = 2 4" a <|)D-^) + (6 J $ City + J 7 <3<t>D — 3 Jg <3<()n — 6J9fl ( | ) w)c 2 j —y 

+ — (16flzz +4« ( j,w +3fl ( j ) D +4« ( j ) n) — (2— 3 Lr) + (20<z<|>w — +4a ( | ) n) 
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+ H[( fl lwD +4«<|,n)Hi + 8(— 3x^ad^-\-3x^a u ^— Lr 

gen 


A HH;1 = 4Y, x l a H a 0 n (M) - 12 Yj x i ^u^o" (Mi) + 12 Y, x d a d*<$ ( M d) 

gen gen gen 

- ^ [20^ + (a tD -4fl^ n )^] A a o ( m h) 

- -J- pa tD .4-6(4a zz +a^ D -2c 2 a,| ) )j E a «»(Mo) 

- 6(aQ, — 2aty^)a.Q l (M) 

a hh; 2 = j^96« ( j ) + (— 12atyvf +1 cityv — 28fl^n) x h Bq" (Mh , Mh) 

+ -j^r | 4 c 2 a $ D 4 — 12(a^ D + 8a Z z + 4 a ( | ) n) — (fl^ W D — 4 « ( | )n )c 4 xjj -jB0 n (Mo,Mo) 

_ 8 ^ 10 a ^ w ~ ~ ^ a < f >[=| ) ^ 5 ] Bo" 5 M) 

+ 52(*4wd — 4aity n )x* B|) n (Mi, Mi) 

gen 

+ 3 L(4wd - 4« d0 n)4 BS n (M d , M d ) 

gen 

+ 3 £(d|wD +4«u^n)^u B o n (K , M u ) 


• A self-energy 


n AA;0 = 3/Lr + ^ 4 Ngen (1 - 3L R ) +4^1 - H H 2 

S g en s 


nil, = 4 £ agr (M) -1£ 'X 2 4 n (M) 

*S A sen *S 


8 v-, 4 


y gen *S y gen X S 

n i 4 i ;2 = f Jll Bo” (M . M) - T I £ K 2 Bf (M, , M,) 

*S i ge„ Xs 

- ¥ E - K o B o° . M u ) - J I - Kj Bq” (M d , M d ) 

y gen X S y ge„ X s 


Ho — T7 NgenO^wAD f 1 3Lr) + 2 — i'Iowad — n E — 3^2^41 wad 

2/ X s y gen Xs 

— ^ |jl3 C 2 a^B — J 15 jc 3 £J^WB + (3c 4 fl0D +^^Wa) — (Jl2«(^B + Jl8 ^w )^ 2 C 2 j -p- 

+ - E (' X d a dWB + 2-V„ fl uW B “ A OlWB ) $ Lr 


^AA; 1 — ^3 (g2 ^ AA (Mo) + ^ A H «aa 3/f 1 ] 1 ' ( A/| I ) — — ^ — fl$WAD A" (Ml) 


3 £ A 's 


rr 


( 6 ) 


1 6 x 2 4 x 2 

—— E — tl oWAii aj ) 11 (M u ) — E — o^avau 4" (M d ) 

y gen X S y ge„ X S 

j(ll6SCtffl>WB + Jl7^“0(^w + (Xs t/(])B — 2(3 l j )D )c 2 J — dQ 1 ( M) 

2 — — [^4 Jl4 5 C dt(j)AVB + ( — +4i' 2 d(^ w ) Jllj — Bq 11 (M, M) 
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• Z—A transition 


2 1 

— — ^(9sXdXs «dwB +Ki a { |,wad) — Bq 11 (M d , M d ) 

V gen *S 

+ ~ ^(9-sxJxs fl u wB — 2 Ko«(|,wad) — Bo" (Mu , M u ) 

V gcn Xs 

2 1 

— — V(3.sxf Xs <ziwb +K2«(()Wad) — Bq" (M \, Mi) 

*5 opn Xs 


n z2; 0 ^ Ngen vgL (1 - 3 L R ) - ± *- F* L R 

2 p | c 

+ 2 L( x ? v i +Vd.Q+ 2v u.^)--- ( 36 c 2 + J19) — 

J ge „ cx s y cx s 

< 1 ; 1 * - 5 dr F * fl o” w +11 ^' v ^o” (Md) 

■> CJ S j gen CX S 

7 2 

4. 5 xr o ,y jr 

+ 3^U'(* u ) + -^v,„S' W 

gen a gen s 

n zi-2 = l E — K2 V, Bjj n (Mi, M,) + \ £ — Ko v u Bjj” (M u , M u ) 

J gcn CX S $ gen C *S 

+ 7 £ — K! v d Bg” (Md , M d ) - \ (6Jn c 2 + J17) — Bg” (M. M) 

j gen C *S O CX S 

^ZA;0 = |^144c 2 tf<j>wAB — 4 J26 sc^wb — 144Ff s 2 ca^wz +36¥^c 2 a^ D 

+ (fl^D — 2j 2 fl^ D ) J19] 

— — j^FgC^D +4(3 ^(|,b — 0<|>w -\-36s 2 c 2 'a^ B )s 2 c+ 12(Ji2tf<t>B + Jis^w)**' 2 ^ 

+ 2(J20C 2 — 6J23‘S' 2 C 2 +3F5)5A ( | ) wb j ^2 

+ f^8 { [ 3 c<3 4 >d Vgen -4(3 a^b v^ n - 32 (-ca ^ W z + s ^wab )sc) sj c 
+ 4 (G 3 a* w - F?o a* D ) s 2 } ^ (1 - 3 Lr ) 

+ — ^ [4 (fityo +4ca ( | ) wz — 4 1 s« ( ( ) wab) H2^ 2 c 2 + (—24^ + 48x 2 — 4Go^ 

15 gen L 

— 12 Gi xf city w — 8G2X 2 ctyw — 24 H3 ajj^ + 24 H4 <2^ +H5 aty d — 4K3 ntyiv)*? 2 

+ 3( ccityD + 4^ QtywQ ) (xf vj +v d Xd +2v u ^)c] —!— 

J S CX s 

+ TX — 3 [—(«1WB Vl +45'CfllBw)^d — (3 v d ^dWB +4s , C<2 d Bw)Xd 

gen *■ 

+ (3v u fluWB + 85 , CfluBw)xjj | 

2 s 

— q ^( fl <|)dv + 2«(|) U v) (1 3 Lr) - 

^ gen C 


^ZA; 1 — _ 4 ^2 ^ AZ fl o" (Mo) — J x u &AZ «o" (Mh ) 


- 2 |2F*a^o + 16 +3(ca^ B +ia tW B)s 2 eJ s 2 -6(x s a t/B - Ji 7 a tw )s 2 c 2 

- (6J 2 ir-J24)ica t wB} ~“ a o“( M ) 

- — j^c 2 rtfl,D vi — 4(ca^wB v l + 2(tf^iv + 2c 2 tf^wz — 1sc~ ^wab)^)^ 
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• Z self-energy 


x 2 

(4 Gi rfyw — F 9 ) s 2 1- (Zq 1 (M \) 

j s ex* 


SCXs 


- -jf E{ [3c 2 v d a<^ D -4(3cv d a t wB +2(3a^ dv + 2c 3 a twz - 2ic 2 a tW AB)^)s] 

x 2 

+ (4G 0 fl| W -F^ d)* 2 } —— 4” (M d ) 

J s cx$ 

— — |^3c 2 v u a^o — 4(3cv u wb +2(3^,(, u v +4c 3 <z ( | ) wz — 4 s , c 2 a ( | ) wAB)‘S') 5 j 


£ 


(4G2^w — F 10 fl<j)D) 1- al n (M u ) 

J S CXs 


ri 


( 6 ) 


, — — 48 [c 3 + (catyB H-s^we)^ J11 s 2 c + (aQ ,d — 2s 2, a^j D ) J17 +6(Jn F5) c 2 dty d 

+ 4 (6J 22 s 2 - J25) Jco^wb ) — K (M , M) 

J SCXs 

+ -j-x 52{ — P^dVi — 4(c«,(,wb vj + 2 (a,|>i v -\-2c 3 citywz — 2sc 2 a ( | ) wAB)‘S')‘S'J K2 

Z gen 

+ 3 («1WB Vi +4scai BW )si?Xs - (4Gi K 2 a tw - K 2 F|a tD )s 2 l —— Bo” (Mi..Mi) 

+ — v d —4(3cvd ^wB +2(3a^dv + 2c 3 citywz — 2 1 s , c 2 « ( j ) wAB)‘S')^j Ki 

+ 9(3v d « dWB +4sca dBW )sx%x s - (4G 0 Ki - Ki F$^ D )5 2 ) —— B(; n (M d , Af d ) 

J s cx$ 

— — Vu a $ D — 4(3cv u tf(|)WB + 2 (3city U v + 4c 3 — 45 c 2 ^wab)^) sj Ko 

+ 9(3v u fl u wB +85Cfl uB w)^^^s + 2(4G2Kofl$ w — KoF^ 0 ^d)5 2 |-Bq" (M u ,M u ) 

J SCXsi 


4z ; o = -3s 2 L R + ^ ^G 7 (1 - 3L r ) + | (1 + 15L r ) - ^ 2 (2 + 3L R ) 

n zZ;l =° 

n zz ;2 = - Tj 4 ]Fn Bf (M, M) - 2 -1 B? (M h , M 0 ) - 1 £ I G 6 Bg” (M,, M,) 

1Z 6 1Z 6 1Z gen 6 

- 7 L 3 G 4Bo“ (Mu ,M u ) - 1 £ 2 G5 Bg“ (M d ,M d ) - I L 4 B o”(°> 0) 

gen C gen gen C 

^;0-^d-«U)-2^ + iEH0^ 

+ 1 (Ji2 + 8F[ 4 c 2 ) -4 - - ^(3G 4 x 2 +3G 5 .v 2 + G 6 -4) 4 

6 C b gen ^ 


A 


(4) 

ZZ; 1 — 


\( 4 ) 


7 ( M ) “ 7 E % 064“ (Ml) - | E 4 G4fl °” ( Mu) 

J c u gen c ^ gen c 

1 E 4 o 5 4" (M d ) + 4 a + J 27 4) ^ 4“ (Mh) - 4 (1 - hs C 2 ) 4“ (Mo) 

2 2 

= -11Pis: B S” (M., M) + I E 4 Oio B S“ (M, , Ml) + I E 5 Og B? (M„ , M„) 
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2 

+ \ £ ji G « B o n ( m a , Mi) - £ (1 - J 27 c 4 *5 + 2 J 29 c 2 ) -X- Bjj" (Mh , Mo) 


C”x s 


n ZZ;0 — 9 (1 + 15 Lr) - Yg ^2 a ^ a ( 2 + 3Lr) 

— — ^(|,D — 4c 2 «zz + 4(C0AZ +^^AA)^j ^2 

+ 72 |^G22^wd +4vgen (^d +4c« ( (, wz — 4.S'tf ( j )WA B)c 2 J —(1 — 3 Lr) 

+ J2 {2J 30 c 2 ^w - [4; ) d +6(5^b+3c 2 ^ d +245 2 c 2 41)5 2 ] -2(J 3 ic 2 -9F^ 6 )5c^ W b 
+ 2 (J32 <2<|)B — Jss^w)^ 2 ^! —j- 

- q LfsGu^u-SGw^d-SGig^ - G21 0^ — 3 G23 «4,q - -^iv)Gnj — (1 — 3 Lr) 

y gen L J C 

+ i X!( -; ' : ? V l^BW-3Vd^«dBW+3v u ^ < 3 U Bw) — 

1 gen C 


n zz ;2 — - 24 ( fl lwD +48 «zz + 4 < 3 <t)n ) Bq" (M h , Mo) 

— — +4Fj 5 5'^ ( | ) wa +4Fj 7 cfl^wz — 16 Fj85 2 c 2 ^,(,b) ^2 Bq" (M, A/) 

— 94 v i^1bw +4(^0 + 4 cfl ( | )WZ — 45 , o ( (,wab)c 2 vi + (8Gnfl^i + Gig£i^ D 

gen L 


+ 4Gi7A^iva)] ^-Bo n (Mi,Mi) 

- T7 Lf 36cV d^d^dBW+4(^D +4c^wz-4^ 

4 gen L 


WAB 


)c 2 v d 


+ (24Gi4« ( j ) d + ^Gisfl^dvA +G2 o^wd)] ^3 Bq 1 (Md , Md) 
+ 24 XL [ 36 cv u fluBw — 8(fl^D + 4 ctf ( | )WZ — 4 1 s , a ( | )WA b)c 2 v u 

gen L 


+ (24Gi2^ u — 12 Gi3^ u va — Gi9fl^ W p)j Bq" (M u , M u ) 

- ^I(4a + v + 4wD) i B ?(0.0) 

1Z gen C 


A zz ; o — £ ^4 ^d( 2-9L r ) + — ^ (82-9 Lr)^ d 

+ Y 2 [^^o^^wa+4F22^^wz+ 64F23 5 2 c 4 a ( | ) B — 8F2g5 2 «(|)D + (4^n^ + Ji 2 ^J,wd) c2 ] ^4 

— g (J36C 2 «4 >d + 16Fo^w) -^ 4 - 

— — 5^|"4(fl(|)D + 4ccity wz — 4 1 s« ( ( )WA b) (*? vi +VdA^ +2v u xjj)c 2 

gen L 

+ ( 8 Gn jcf — 24Gi2^J + 12 Gi 3 *j| ^uva +24Gi4Xj ^d + 12 Gi 5 *d fl <t>dvA 

+ G{(,X\ a §wD +4Gi7Xj fl(j)lvA +Gi9^ 4" G20^d ^|wd ) j ^2 

— 2 £(-24xj a f<l + 24x l a; *U ” 8x ? a <flA ^ Ho^wd +24H 6 a^q - 24H 7 ajq) 

4 gen C 


^ZZ ;1 — — 24 { ^48a zz x s — 4J28<2<|)W + (^d +4fl^, n ) J 34 J c 2 + (d^ D + 4a$n)J c 6 x (^ 0 ) 

+ 24 | j^48fl zz x s + J 37 ^<>d +4(fl^,w H-^n) J 27 J c 2 + (fl|wo +4fl < |)n)| ^ 4 X a o n (Mh) 
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+ ^ (4Fj 9 5 , « ( | ) wa + 4 F 21 ca §wz + 32F* 3 5 2 c% B +F27^<1 )d) ^3 ^o" (M) 

— tt 52 ( a <t> D + 4cwz — 4^ a § W ab ) c 2 Vi 

gen 

X 2 

+ (8Gn aty\ +G 16 J D H-4Gi7<3(1)1 va)J — flo* (M) 

— TX 52 [4 ( fl( l> D + 4cfl ( | ) wz — 45«0WAB ) C 2 Vd 

gen 

X 1 

+ (24Gi4^d + 12Gi5£tydvA +G20 ^wd)] ~^ a o n (^d) 

— ~rz + 40^(1)wz — 45tf<j> WAB )c 2 v u 

lZ gen L 

X 2 

— (24Gi2«^u — 12Gi3<fy u vA — Gi9^ W d)J ^ 3 ^ 0 " (M u ) 

^ZZ ;2 — 24 { [48 J 3 5 *s — 4J 3 8«(|,w + (^<[»D + 4fl ( | )n ) J 27 -^h] ° 4 

— 2 |^24(a^B — sca<f, WB )xs + (a^d H-4zz < j >n ) J 29 J 

+ 48 (fitywz — c ) c 5 x^ x s — (fl^o + 4tf<|)n)| ^ x ^o" (4 ^h , Mo) 

— ^ (^13 — ^^^23 S 2 C 2, a^B "F 4F24 5fl^wA + 4 F 25 Cfl^wz) ^2 (M J M) 

— tx 1^|"4(^(|)D+4ca ( | )WZ — 45a ( | ) wAB)c 2 vj 

gen L 

X 1 

— (4G28^iva + 8G29^i +G 3 o^w D )j ^ Bq" (Afj, Afi) 

— -j~T ^[4(fl(|)D +4cClty W z — 45A ( | ) wab)c 2 Vd 

1Z gen L 

X 2 

— (12G260<t>dvA + 24G27+G 3 2^w D )j ^-B() n (Md,Md) 

— TT +4cfl ( | )WZ — 45 « ( | ) wab)c 2 V u 

Z gen L 

x 2 

— (12G 2 4^uva-24G25^u+G 3 i4wd)] ^jB(J n (M u ,M u ) 


• W self-energy 


n ww ; 0 = ^(l-3L R )N g en + F(2 + 57L R ) 
n ww ;1 = 0 

n ww;2 = - F K (M, Mh) + F Bq” (M, Mo) F* s 

+ 2 Bg” (0 ; M) B|f (M u , M d ) - 1 £ Bg” (0, M,) 

J gen J gen 

A ww ; o = - 2L R + ^F(l-6L R ) + ij47-^Ho(2-3L R ) 

A WW; 1 = F Jj 41 «?(Mh) - l £ ^-K Sfl f (M,) 

12 *S D gen Xs 

- 2 (1 + 8J 40 s 2 C 2 - J 44 C 2 ) -2- flg" (Mo) + 2 (1 _ J 45 c 2 ) -2- a«" (M) 
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^2 9 

- I £(2*s - He) -1 flf (M d ) - I £(2* s + He) - of (M u ) 

Z gen X S Z gen 

2 2 ii 

; 2 = - - - J 39 Bg” (0, M) - — - J 43 Bg” (M, Mh) 

J Xs 1Z Xs 

1 X? 1 \ 

+ t E - ^Bo" (°. M) + 0 E( H 7*s +H 8 ) - Bg" (M„ , M d ) 

° gen X S - gen X S 

- -^ ( 1 - 8 j 39 C 4 - 7 J 42 c 4 + 2 J 46 C 2 ) BgT (M , Mo) 

^WW ;0 = 9 s 2a AA (1 — 9Lr) + — Ngen tf<|>w (1 — 3Lr) — — a§ a (2 + 3Lr) 

+ ^ [ 6 F*^ wb + (J 54 . c 2 — 3 F 29 )^z<|>wj ~ ^ {—C&ZZ + 2 sa AZ )c 

+ g ^( 0 ^ )(1 — 3Lr) + — 5^(—3xj«dw + 3xJ a uW — xf £i w )Lr 

* gen gen 

< } w . j = a ( j,w ^o" (M) + — a§ w fl o" (^H) 

+ ^ ^ 30 51 C(3 az + 3 (c 2 azz + *s , 2 < 2 aa)J ^ 2 ^ 0 a (Mo) 

H\vw ;2 = — ^ ^5 c 2 a^D — J53 5c«((,wb — [2J 49 a* w + aa + *s , ctfAz) J 48 J s 2 1 Bq" (0, M) 
+ ^ |32J 52 5 4 cfl^ B + ^39ca^ D + 8(3 o$ W b — 5jca^ d ) jj 
+ 16 (« 0 wa — sa $B ) J 48 s 5 c— 16(J 46 a^ w + J 51 a^ B )s 2 c 

- 8 (5 J 50 + J 55 s 2 )sc 2 a+ WB } i Bg n (M, M 0 ) 

+ — (—52« ( j,w +^<|)D — 4 «,(,□)Bq 11 (M, Mh) 

- — ^( 2 <zj,q W + 3^«dw — 3^fl u w)Bo n (M u , Md) 

gen 

- zI( 2 4iw + 3 ^ a iw) B o n ( 0 > M i) 

0 gen 


a(6) 


1 1 


1 1 


• 0 — 3 ^2 (1 6Lr) r 2 (11 15Lr) 


12 c 2 


1 r 3 ? ? 1 $ 

+ — |^2c ^wb + ( 3 tf(|)D — 4 c aaa+ 4 c atw)jJ ? ( 2 - 3 L R ) 

— — ^Oja^wb — (4 J 35 d(|)n + 4 J 4 7 fl^, w + J75 ^<|>d)c| — 

— — (Scity-w +3a ( | ) n)LR — — J^(2xf+ Ho«<|>w +6H7fl^) (2 — 3 Lr) 


^WW; 1 — 24 [ fl lwD + ^61 ^AZ 8J71 SCClty W B 

21 1 fi 

— +4J62^(()n +4J69^<|>W — J74 ^(|)d)c “2 - a o n (M) 

J C Xs 

+ 2 . Jl6J 6 3i 5 c 2 fi(^wA - 16 J 6 4 i 4 c 2 a^w - I6F4s 2 c 4 x s ^ B - (< 4 wd - ^/c 4 ^) 

— 8(J4oa tD + 2 J 7 oa<^w)s 2 f“ + (4 J44 — J45 D ) c 2 

- 8 (J 6 6 i 2 c 2 -J 7 i +J 72 C 2 )ica tWB ] -^-a^(M 0 ) 

1 2 

+ 24 |^ 4 J 67 ^w — (o+d — 4 a^,n)J41J — Oo”(Mh) 

1 x 2 

- X £( 2 *s 4 qw - 3 *d*S «dw - 3 ^X S a uW - Heajqw) — a 0 ° ( M d) 

“ gen -*S 
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1 Jl 

— ^ s 4qw + ^ x d x s «dw + 3 * 2 x s fl„w +Hga^q W ) — ag” (M u ) 

“ gen -*S 

1 * 2 

+ t x s «iw - K 5 «® w ) — ag“ (Mi) 

° gen *S 

4vW'2 = A [^39 (:r — (2«AA C«az) J 56 S“ — (cfl|(iWB + 2.S'£l oW ) J 57 .V — Bg" (0, M) 

’ j L J Xs 

— — |^4 J68 tf<|>w — (^d — 4 fl ( | ) n) J43J — B(J n (M,MH) 

— 2 4 ^ [j39 fl <t>D +4J6 o^<|)W +4(a ( | ) b — 35 2 a^ B )x s J 5 2 c 4 + (1 — 7 J 42 C 4 + 2J46C 2 )a^ D 

+ 16 («,(,wa — *y< 3 <j)B) J56^ ^ + 8 (J58 c 4 — J59C 4 — J71 + J73 c 2 )sca^ B } —7 —Bq" (M , Mo) 

J c x s 

1 X 2 

+ — ^(3x? Xs «iw + K4^Jj>iw) — B o n (0, Afi) 

^ gen 

+ ^ L( 3 H 6 4 -^S Odw + 3H«2: s a u w + H 7 4q w + H 8 4q w ) “ B o n (M u , M d ) 

^ gen Xs 


• neutrino (N) self-energy 

^NN ;0 = “4 “ g ^2 (1 -L r) + g !oLr 

^NN; 1 = - ^ 4" (Mo) - J ^ I 0fl - (M) 

<1;2 = - J 4l 0 J 61 Bq” (0, M) - J (1 -c 2 x s ) -4- Bg” (0, Mo) 

5 Xs O c Xs 

^NN ;0 _ — ^ ^LW + g*L#LW (2 — 3 Lr) 

“ Jg ( 4 < 3 ^n + 4 wd) ^2 (1 -Lr) + - (Io«*w + 2 Ii o®)Lr 

^NN;l = “ Yg (‘^ a * N 4“4 wd) a 0 ° (Mo) 

- o (3 «LW + lo4 lw) a 0° (M) 

^NN;2 = ~Y6 ^ a 4> N “*“4 wd) (1 -C 2 ATs) ^4Y-Bg”(0,Mo) 

— g (4Io<3oe +2Io J 61 — 4Iix s aL^ +3J 76 XC«lw) — Bg” (0, M) 

o Xs 

^NNiO = 4 'g ^3 (■ 1 Lr ) + g j oLr 

4 4 i; 1 = - J °o (Mo) ■- l 2 1° fl g» (M) 

4n ; i = !°361 Bg- (0, M) - I (1 - c 2 Xs) Bg” (0, Mo) 

^NN;0 = ~ 4 O^LW + g X L fl LW (2 — 3 Lr) 

— Yg ( 4 a*N + 4 wr>) ^ (! -Lr) 
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1 /g) 

+ ^ ( If) a^ w + 2Ii a^ L ) Lr 

^NN;l = (4«*N +<i|wd) ^r a 0 n ( M (>) 

- g (3*L °LW + lo oj,Lw) “ 4” ( M ) 

A NN;2 = (4^n + 4wd) (1 - C 2 xs) ^- B(S n (0, Mo) 

— q (4Io«1l +2IoJ 61^(()W — 4Ii* s a!,L +3J 76 ^«lw) — Bq" (0, M) 
o *S 


• lepton (L) self-energy 

4l ; o = - J (16* 2 C 2 - G 33 ) ^Xl (1 - 2L R ) 

j4 4 ) — 0 

^LL;1 — U 

4l ;2 = +4rx L Bg"(0,M L ) 

+ 1 (c 2 xt - G 33 ) BJS" (Mo , M l ) 

^ll ; o = — g [c 2 v\x[ a LBW +4Fj sc 2 o^wb Vi + (vi « L bw +2c 3 «lw)J ^3 x L (2 — 3Lr) 

+ ^ {sc* s vi.r L a LB - 16G29* 2 c 2 a4, w *L + 4Lj .sc 2 x L a L wB 
+ [G 29 olw*l + 128(MAoivCjjy^ c 2 x s + 2 (Gh^lva + 2 Gn| — 

- ^ |32G28ic 3 a ( | ) wB - 16F3ji 2 a tw vi 

- |^4Gii a^w — G 3 6fl^ D +4(4c 4 +s 2 vi)a^ D j | -y a: l (1 ~ 2Lr) 

+ — |4G 3 9i 2 C~ City w + [^3 Xft a B ty + 2Io(2^,l +l2^L*fi — 2 ( —+^l + a 9Q — 3 s<ZlWb)-*lJ c ~ 

- [G 34 a^LVA+ 2 G 3 5 a^L-(aL(t, + 4i 2 c 2 a^BVi)J} 

+ \ E(-*d+l«LldQ+^+.4 1 lQu) L R 

gen 

4l ; 1 = - 7 -4*l a L «, al" (M h ) - ^ £ 4 x u 4‘lq u 4" (M u ) 

4 Z gen 

+ T J^^d^d^LidQ^o 11 (Ml) — g (2a L ^) + 3 «lw +4^l)^l«o" (^0 

Z gen 6 

— — (3vifl LB w +4ca ( | )LA +4ca L (|)) ^x L ao n (Mo) 

1 1 3 

— — (3vi «lbw +4ca ( | )LA + 12sc0 L wb) — *l ^o" (Ml) 

16 c 

S LL ;2 = {2flJwD — 32Fg 5 2 Cfl A A Vl — 8 F 4 5C 2 Vj 0 AZ 

+ |^3^lbw — — 4 c 2 <2 Z z) s 2 c| v i — (3 vi^lbw +4ca^^)hoc 2 

— 2(4Gll City w — G 36 CltyD + G 37 fl())LVA + 2G38«<t)L)c| Xl Bq 11 (Mo , M l ) 

+ g (3 «lw +4«^) J 6 i*LB(j n (0, M) 
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+ — (B«(|)Wad — 3Lo5«lwb)^lBq" (0, M l ) 

- I (<4wd - 4ai tQ )^ Bg n (Mh , Ml) 

^ll’o =-^ + ^I3Lr-^ (16^ 2 c 2 +G 6 ) 1 (1-L r ) 

1 = -1 5 ■*« a ° (Mh ) - i 11 0 af (M) 

111 ^ 

- — (2c 2 xj +G 6 ) -j— ao° (M)) + -7 (4c 2 * 2 + 16s 2 c 2 + G 6 ) (M L ) 

I0 C Xs 1 o C 

V LL -2 = “ L 2 B o" (0, Ml) - i ll 0 J 61 Bq” (0, M) 

’ *S o *S 

- -i [(G6-2L 2 c 4 ^)-(G6^s -G 33 ^)c 2 ] Bq” (Mo , M L ) 

1 x 2 

+ -(^+J 3 4)-Bg n (MH,M L ) 

5 X s 


y LL;0 = - ^ {32G 2 8 tfywB - 16Ffj S 2 w Vl 

+ ^8Gn — G4 o^d +4(^lva + ^«t, W )Gi7 — 4(4c 4 + .S 2 Vijdtyoj | (1 — Lr) 

+ — 11^213 + 2 l 4 fl^L + (— 2 < 3 ^>l + 2a£l — ~ 2fli<|>n).x 2 ] H- 8 vi +2^ ( ( )W )5 2 |Lr 

1 1 2 

+ 77 ( V 1 fl LBW+45’Cfl LW B) — (2—3 Lr) 

16 c 

- \ ( ca fh W + 4G 29 -y 2 + 2F|SCtywB Vl) ^ 

y LL ; l = ^ { 4 * 2 4wd v i - 16F^ica t wB Vl 

- 2 [3vi« LB w+4c^LA + c^wD + 8 (^wz-c^ B )^ 2 c 2 vij C*£ 

- |^8 Gl 1 — G40«4»d +4(fl ( | )L vA +^(|)w)Gl 7 j + 8 (x S #AZ + I 4 < 2 <|)Wb)‘S'C 3 Vl | c 4 x * (Mo) 

+ 37 { [ 8 Gn fl <t>L — G4 o^(|)D +4(^ lva +fl*w)Gi7 — 4 (4 c 4 + 5 2 vi)« ( [ )D j 

+ 2 (3 Vi c?lbw +4cct ( | ) la + 2ca^ w ^ D —4ccfi ( [ )D + 12 1 s , caLWB)c^ + 16 ( 2 G 28 c2 + Fg vi) jco^wb 
. x 2 

+ 16(2G29C 2 -F^vi)5 2 ^ w [^-^ n (^L) 

J c Xs 

- 4 ( 4 a 4 »L + *0 fl <l>w) — ^o" (M) 

1 X 2 

- jg (4 wd -4«4d) ^-4«o n (Mh) 


^LL ;2 — ^6 [( a iwD -4oi^ n )^ + (fl^J D — 404 a) J34J Bq 11 (M h , Ml) 

+ ^ |2L2|^8Gii fl(|, L — G4o«(|,d +4(fl<t>LVA +04>w)Gi7j 


^8Giix s a^ L — 4Gn a§ w* 2 + Q36^(|)D-X : l — G4o<2<|)D*s + 4(<z ( | ) lva +^<|)w)Gi7XsJ c 2 
2 (3tf L BW — 4cd,[,LV ~ 8.9“ c 2 CT^jb) CVlX^ + 8 (cIazXs “ 2I()*s fl(>WB — l4^fl)WB Xl)sC 5 Vl 
16 (fl^wz - ca^B) L 3 r c 5 Vl 2c 2 


— 2(3vi <3 L bw + 4cci^la)Loc 2 x^ + 4(ci^d + 4F 2 | cr^w) s 2 vi 

- 8 (—cci^wb — 2sa AA +4sa^ w )sc 2 x s vi 
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— 4(413 &tyw +L2^(|)D — ^F^tf^w-* 2 )**' 2 *? 2 vj 

+ 8 (I 5 c 2 - 2L 4 s 2 c 2 - 2F|),sc« t wB v,} -J— Bjf (M 0 , M L ) 

— \ (IoJei +4 J 6 i 4?) ^ BS n (0,M) 

— — (3Lo5^^lwb — 2 L 2 ^wad +L 55 CV 1 a AZ ) — Bq" ( 0 , M L ) 

4 Xs 

(4) 111 , . 1 
4l;0 = -4-8 ? v 1 (1-L r ) + -I 1 Lr 

= V1 (Ml) “ I i V1 fl °” {Mo) ~ It s h a ° (M) 

a ll- = -4 — Ii Jei Bif (0, M) - l (1 - L 2 c 2 ) -1- v, Bq” (Mo , M L ) 

’ o Xs o C Xs 

A LL;0 = ^6 (2-3Lr) 

+ ^2 |4^ 2 ^(()D + ^8Gn — G41 <3<|,e> — 4(a ( | )L va +^(|)w)Gi7j | (1 —Lr) 

— — ^ 2F3J S 2 city w — |ll GtyW +l 4 fl ^L + (~ a ^LW +fl^L )*l] ° 2 — 4 (—C«,(,WB + S City B ) S C 2 | — 

J A / 3\ A 

+ — (—2c Gtyy^ c azz+s ^aa )^2 

^LL;1 = 22 — ^F^C^wb ~2 ^ 3 «lBW + 4 c^lV +8(tf(|,wz — Cfl(| ) B)>S' 2 C 2 j cx^ 

+ |^8 Gn dty L — G41 dty D — 4 (a ( | )L vA +«4>w) Gnj +8 (xs d AZ +I4^<|)Wb)‘S , c 3 | dQ n (M)) 

- -J |l6Ff5 2 fl A A+4 ^ 4 c 3 fl A z + (^D - 4 c 2 «zz)-s] S 

+ |^8Gi 1 cityL — G41 cityv — 4 (^,),lva +^<|>w)Gi7j — 2 ( 3 «lbw+ 4 c 0 <|>lv)c^| ^o" C^l) 

_ 4 ( 4a 4»L + ^w) — «o n (M) 


We have introduced 


a ll 2 = — 7 L5 .s c« AZ Bq” ( 0 , M l ) 

’ 4 X S 

— — |— |^8 Gi 1 dty L — G41 cityD — 4 (^ LV a +^w)Gnj + 2 ( 3 fl LB w + 4 c<2<|> L v)Loc 3 .x: 2 
+ 2 ( 3 fl LB w — 4 cvj fl^A — 8 .s 2 c 3 cityft)cx 2 — 8 (^az^s — 2 Io*s ^wb — l4 fl <|>wB x^)sc 5 

+ 16 (fl^wz — CdtyB ) L3 s 2 c 5 x[ 

— 4(^0 +4F3J atyw)s 2 + 8 (—c^wB — 2 sd AA A satyrs C 2 x$ 

+ (8G11 a tyL — 4 Gl 7 ^s QtyLVA — 4Gl7 L,2dtyy/ — G41 \^ 2 a tyT>) ^ 

+ 4(413 0<|)W +L2^d — 4 F 32 ^w-^l )‘ s ' 2(:2 

— 8(l 5 c 2 -2L 4 s 2 c 2 -2F b 5 )scdty WB \ (M 0 , M L ) 

J C Xs 

— 4 (II J61 GtyW + 4 J61 ) “ ®Q n (0 5 M) 


r L _ _ 1 W 
Cuv_ 256 ~M 


p (iC! L B +Cfl L w) Vl 

+ 4 c(a§L — 4^ +34l +3c5^lb) + 6(1 + 2s 2 )coelwJ — 
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U quark self-energy 


r( 4 ) 


I = t Lr-^- tu — irr (64s 2 c 2 — 9G 4 t) -r *u (1 — 2 Lr) 


^( 4 ) — 0 

^UU; 1 u 


4 4 U;2 = o Bg n (M, M D ) - -XyX 2 Bg" (Mh , Mu) 


H—*y 2 *u Bg n (0, Mu) + — (c 2 ^u — G 42 ) ^2 *u Bg n (Mo , Mu) 


-^UU;0 — 2 v u ^<|>WB -*U (2 5 Lr) 


1 5 


+ — |^2H9C 3 fluw + (1 + c 2 *u) v u 0 ubwJ (2 — 3Lr) 

+ — ^9 5 cv u Xs Xu ^ub — 32G48 5 2 c 2 « ( | ) w-^u — 24L7SC 2 Xu #uwb 

— 9 |^G25Xufluw — 128(MAuvCyv)J c 2 x s + 18 (Gi 2 ^uva — 2Gi3 0<t>u).*u} ■p; 

+ — ^8G49 s 2 c 2 a §w — 9 j^ 3 x^ «U(|) — 4 xj^ a^w — 4H9 «^q - 1-16 ^u<> — 2 (a^ua — dtyn — 2 sauwB 

— 3 |^3 G43 #<|>uva — 6G44 fl(|)U + (3au<() — 8 (ca ^b + s , tf ( |>wB)‘S' 2 cv u )^ ^ 

+ ^44 {^^31 s ^ Vu fl <l>w |^ 36 Gi 2 fl(|)W — 3 G 47 ^d +8 (8 c 4 «([,d 

— (—32c 3 a^wb + 3sv u a (t)D )s)J } ^2 (1 -2L r ) 

+ \ L(- 3 ^d«QuQd+^^l4 1 lQu) L R 


4w;l = 7-4xu«u^g n (M H )-^E xl af[g u al‘ (M x ) + | £ x 3 d a™ Q d ag" (M d ) 

gen gen 

+ g ( 3 %w — 4 ^g)x^Xu«o n (Md) + — ( 3 fluw — 4 aJq + 2 au<|>)*u #g n (M) 

+ — (3 v u AUBW — 4cfl<|,UA +4cflu^) ^3 *u (Mo) 

+ — (3v u ciu bw — 4c« ( | ) ua +85CAuwb) — XuX^ag 11 (Mu) 

^UU ;2 = g [ 8 x^ a ( (,w + (3«uw — 4 ^q)x s — (3«uw 4 «^q)H 9 J x 0 Bg n (M, M D ) 

+ ~ | 6 c 3 a^ D j^ -64F3 5 2 cv u «aa - I 6 F 4 sc 2 v u a AZ 

— |^9«ubw + 16(fityD — 4c 2 ctzz)*y 2c j v u + 3(3v u ^ubw — 4ca ( | ) u a)L6c 2 

— 2(12Gi2^(|)W + 3G45ttyuvA — 6 G 46 ^ 4 »u — G47 tf^o)""3*uBg n (Mo , Mu) 

+ — (16<^wad + 9L6 jouwb)^jB g n (0, M y ) 

— g ( fl JwD + 4 « u ^n)^u^uBg n (Mh , Mu) 


y uu;0 = -4 + g( 3 ^+ H i2)LR- T ^(64/c 2 + 9G 4 ) ? (l-L R ) 


<J; - \ T- 4 “0 (Mh ) + i (4 + H 12 ) ^ aft (M D ) 


8 x s 


*s 


- £ (4 + H iz) 4ag”(M) - 2- (2c 2 ^ +G4) ^- a o° (Mo) 
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1 X 2 

+ T77 (3(>c 2 rt + 64s 2 c 2 + 9G4)^-aS'(M v ) 

144 c z x s 

*UU;2 = 5f: L 8 B S , (°.M r u) 

V x s 

- 4 [(G 4 - 2L 8 f 4 4) - (G 4 x s - G 42 xJ) c 2 ] ^4- Bo” (M 0i Mu) 
1 .x 2 

+ s ( X u + J 34 ) -Bg” (Mh , Mu) 

O X s 

+ ^(x s xS-H 10 xS-H u +H 12 x s )4BS n (M,M D ) 

o *S 


^UU ;0 = ^ ^cx^ ^dw — (3v u &u bw + 8sca v wb)* uj ~ (2 — 3 Lr) 

+ {85 2 v u + |^24Gi2«(|,u +G5 o^0d — 12(^uva + 0<|)w)Gi3j | -j (1 — Lr) 

— — |— |^18Hi2«(|)W +36Hi3flJj,Q — 9(2fl ( | )UA — 6 tf<|>w H-^d — <>□)-^ 

+ 8 pfitywAD + 3s 2 v u «zz)j c 2 + 24(ca A z +^^aa)F 3 ^v u | — 

- ^ { [( 9 4qw“ 8c2 ^d)c-4(3v u -8c 2 )5^wb] c + 4(2G 4 8C 2 -3F^v u ) 5 2 ^ w } 

^UU ;1 = {l6K 7 5C 3 v u a A z + |^24Gi2<2(|)U +G 5 o«^d — 12(^uva + 0 <|)w)Gi 3 j 

+ 8 [4F§Haa “I" — 4c 2 «zz)j s 2, v u + 2(9v u Aubw — 12 c^ua 

3cfli^D 8 sc v u ci\z) ^ ~ ^0 (Mo) 

J C Xs 

_ 288 { + 3^50 a <i>D — 36(a,(,uvA + tf<|)w)Gi3 + 8(8c 4 tf<t> D 

+ (4c A(|iwb vta + 3.sv u cz^d)•5')J + 18 (3v u fluBw — 4cfl(j)U a — 2c^ w ^ d — 4ca U( | ) n + 8 .scauwB) C-*u 


v 2 

T 


- 32 (2 G 48 c 2 - 3 F§! v u ) s 2 a, w } - A «g n (Mu) 

J C Xq 


C^X S 

1 X 2 

77 ( a iwD +4a u *n) — x^ao" i M n) 
10 Xs 


1 2 2 (3) -*-d fi 

— (2« ( j )W x u +3 x d a dw + Hj 2 w ) — a 0 n (M d ) 

O Xs 

— (2cz ( | )W +3xufl DW +Hi 2 ^q W ) —«o" (M) 


*s 


^UU;2 — 16 [( fl iwD + 4 ^u^n)^r + (^wd + 4<3 u<|>n)J 34 ] Bo" (M h , M y ) 

+ | 6 Lgc 4 ^ W pXu + 32F3J s 2 v u + l 6 F 33 .sc 2 Vu^waaJ 

+ 8 ^c^wb + (#<t>D — 8 c 2 cz^b) sVu + |^24Gi2tf<|)U + Q50 ^<|>d — 12(a§ uva H - z 3<(,w)G 13 J 

— |^24Gi2Xs cityu + 12G 12 <3(1)wXu — G^c^dXu — ^(a^uva +#<|)w)Gi3XsJ c 2 

+ 2(9aubw + 12 c^uv +40.s 2 c 2 o ( | ) wz)cv u A^ r — 16 (^az — 2scazz) S( ^ v u Xs 

+ 6(3v u fl UB w — 4 c^ ua )L 6 c 3 xJ + 8(8I 7 a^ B -4I 8 ^ W -L 8 ^ D - 4 F 3 XS a AA ^F^^b^^c 2 v u 

- 16(K 6 x s +L 9 x 2 ) 5 c 5 v u fl A z) -j— Bg n (M 0 ,Mu) 

J c Xs 

loo 00 ( 3 ) 

+ g (2a,j )W XsX^ — 3 x d x s « dw — 2Hiofl<|)W% — 3 Hiox d a Dw _ Hii^ qw + 2 Hi 2 «(|)W-^s 
+ 4H 13 x s 4q ) 2 Bq” (M, M d ) 


*S 


47 



We have introduced 


— pLgsXufluwB +4L8<2 (|,wad — 3 Lio 5 Cv u a AZ ) — B(J n (0,Mu) 


18 


*s 


^UU ;0 4 g c 2 Vu (1 L r ) g (*u Hi 2 )Lr 


4jU;l = V » a " W " ^ V “ a °” (M0) 

2 

-J(4- Hu) ^ 4” (M D ) + 1 (4 - H 12 ) 1 (M) 

o x s Q X s 


4jU;2 = -1 (! - L« <?) ^v u Bg” (Mo , M LI ) 

- 1 fa 4 — H 10 4 + Hj! - H 12 *s ) - Blj” (M, M d ) 


*S 


A UU;0 = A ^2 «aa(1-2Lr)- ^iC«Az(l+2L R ) 
- 1 ^Fj 4 c~ « Z z - (—6c 2 aj,Q +s 4 a AA )] 4 


1 s 1 


+ ^ — ^24Gi 2 a^u + G 51 a^o +12 (tf^uvA + ^ 4 >w) G 13 J | (1 — Lr) 

— — 3 Jhi^w + 2H 13 a^ ( j — (a §uv +^ow)4j c + 4(a AZ + sc« A a — •sca zz )sj — 


l j 

77 (4 bw 2 coTq Adw ) (2 3 Lr) - 

16 c 


^UU;l — gfr |l6K7 SC^ a AZ ~ |^24G12 <2<()U +G5I ^<t»D + 12(dtyuVA +^(|»w)Gi3j 

+ 8 |^4F3« A a + (tf<j>D — 4c 2 azz)j s 2 + 2(9oubw — I2ca §uv — 8.sc 2 a A z)cx^ } c 4 x ^o" (Mo) 

— — {32Ff5 2 fl AA +8 |4c 3 <z AZ + (^(|)D — 4c 2 «zz)‘S'j 5 

— j^24Gi2<3(()U + G51 city d + 12(fl(j,u va +^ 0w) Gnj +6 (3aubw — 4ca ( | ) uv)c^ | ^ x a o n (Mu) 

1 ^2 

— — (2a ( j )W ^ — 3xj^ flow — Hi2«1q W ) — «o" (M d ) 
o 

+ i — 3 x^ fl DW — Hi 2 Aaq W ) — «o n (M) 


4 ( 6 ) 


1 1 


^UU -2 — — 7 — L10 ^ c aAZ K (0) Mu 

’ 6 x s 


+ | 32 F 3 1 5 2 ^w + I6F335c 2 a^wA^ + 8 ^ca^wb + (<tyD -8c 2 ^ B )^] s 

— |^24Gi2^u +G 51 city D + 12 (^ UV a +^w)Gi3j + 6(3<2 ubw — 4c<2 ( | ) uv)L6C 3 xj} 
+ 2(9 « UB w + 12cv u fl^ UA +405 2 c 2 ^wz)cxJ - 16(a AZ - 2sca Z z)sc 3 x s 

+ (24Gi2X S cityu + 12Gi3X S ^uva + 12 Gi 3 L 8 +G51 Lsa^d)^ 

+ 8(8 I 7 ^ b - 4Ig^w -Lb^d - 4F3X S « AA -4F32 ^ b ^) 5 2 c 2 

— 16 (Kgx s + L 9 xj) sc 5 a AZ | — 7 — B(J n (Mo , Mu) 

J C Xc 


— — (2« ( j )W XsxJ +3xDX S fl D w — 2Hiofl ( | > w*u +3 Hiox^« dw +HiiaJq W — 2Hi2fl<|)W*s 

— 4Hi 3 x s aS) — Bq” (M, M d ) 

*s 


U 1 M{j r 

C uv = — 255 ^( 5fl uB - Cfluw)v u 
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+ +3^q + 2c5«ub) — 2(3 + 4s ,2 )ccruw 


1 

c 


D quark self-energy 


r (4) 


= ^Lr^x d - ^ (16s 2 c 2 -9G 52 ) (1 — 2 Lr) 


y( 4 ) — 0 

^DD;1 ~ u 


^DD; 2 — 2*^ Xt> ^ ^ _ 4 -*D -*D BfS" (Mh , Mo ) 

+ — 5 2 Bq 11 (0 , Mq ) + — (c 2 — G52) —j *d Bq 11 (Mo , Md) 

9 4 c z 

^DD ;0 = ^ ~ V d ^<|>WB -*D (2 5 Lr) 

— — |^2Hi4C 3 fl D w + (1 +C 2 *d) Vd^DBwj p-X D (2— 3 Lr) 

+ J2 {^^CVd^s^D^DB - I6G55 S 2 C 2 a^X D + 12 Li 2 5 C 2 ^D^DWB 

+ 9 ^G 2 7 ^dw-^d + 128 (MAuvCuy)j c 2 x$ + 18(Gi4fl,|,DVA + 2Gi5<2,j,D)*D | 

+ — | 4 G 59 5 2 c 2 ^ w + 9 ^3*^ a D ty + 4xfj a § w + 4 Hj 4 ^q -|-19 ,(, 

+ 2 (rtyoA — + ‘S ,fl DWB)-^j c 2 — 3 j^ 3 G53 dva +6G54 o 

Lr 


- (3a D (|) + 4(c^B +s<tywB)*r<rv d )J j -^-Xd 

+ — *^48 s 2 v d + ^36Gi4<fy w — 3G58 «,(,d +4 (4 c 4 
+ (-16c 3 a^ WB +3iv d a tD )i)j | (1 -2L r ) 

- | L( 3X U a QuQd + X l X l «Lld Q )L R 

gen 


4jd ; i = -^JCDaD^o'(MH) + i£^a L i dQ ag n (M 1 ) + |^^a^ Qd ag n (M u ) 

^ Z gen ^ gen 

— g (2^0^, + 3 « dw +4^J,q)x d «Q n (M) — — (3a DW +4 «^q)xJ x d aQ n (Mu) 

— — (3Vd ciq bw +4c^(j,D a +4cflo(|)) ^jXd« o" (M)) 

1 1 2 

— — (3v d ciq bw + 4cflAD a +45C^dwb) — -^d-^d ^0° (Md) 

16 c 

^DD;2 = g — (3 «dw +4«^q)x s + (3tf DW +4^g)Hi4j x D Bq 11 (M, Mu) 

+ ^ 1 6 c 3 a$ D xl-32F%s 2 cv d a AA -SF b 4 sc 2 \ d a AZ 
+ |^9^dbw — 8(fl,|)D — 4 c 2 a zz ) s 2 cj v d — 3(3vd^DBw +4 c^da)Lh c 2 

— 2(12Gi4^,| ) w + 3G56^0 dva + 6 G 57 fl(|,D — G 58 a^ D )cj — x D B{J n (Mo , M D ) 
+ (8fl|(iWAD — 9Lll S«DWb)*D Bq 1 (0, M D ) 

— g( a *WD- 4a d*n)xD4 B 0 n ( M H,M D ) 

' / dd ; o = -^ + ^(3^+Hi 7)L r ^ + (16, 2 c 2 + 9G 5 )2(1-L r ) 
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v dI i = - J - 4 4" ( M «) + i (4 + H„) ^ a f (Mu) 

o Xs o Xs 

-1(4+ H„) 1 of (M) - -L (2c 2 4 +G 5 ) - 4 ^- flS" (Mo) 

o AS 10 C As 

1 x 2 

+ — (36c 2 4 + 16i 2 c 2 +9G 5 )^2^ao n (MD) 


^DD;2 = ^L 13 Bi5”(0,M D ) 

- -L [(G 5 -2L 13 c 4 4)-(G 5 * s -G 5 244 2 ] ^BiS”(M 0 ,M D ) 

1 a: 2 

+ o (4 + J 34 ) — B»”(M H ,M D ) 

5 X S 


+ l (x s 4 - H 15 4 - H 16 + H 17 * s ) - B|f (M , M v ) 

o Xs 


^DD;0 = _ 48 [^ C ^ fl UW — (3Vd«DBW + 4sca^ WB ) *D j “ (2 — 3Lr) 

+ gg |4^ 2 Vd — |^24Gi4<3(1)0 — G60^<t>D + 12 («(|,dva | (1 — Lr) 

— — j^lSHn^w +36 Hi8^q —9(2 a^da — + a§ d + 2ad<|)n)*D 

+ 4(a ( | ) wAD + 35 2 Vd«zz)J c 2 + 12(c«az + ‘S , 0AA)F 3 svd J — 

- ^ {[(9 ^q W - 2c 2 ^ D )c-2(3v d -4c 2 )5^wB] c + 2(2G 55 c 2 - 3F^ v d )5 2 ^ w } 


^DD;l — ^ |8K7 5C 3 Vd^AZ — ^24 Gi4«(|,d — G60^([)D + ^(^dva+ fl ( ( ) w)Gi5j 

+ 4 ^FjAaa + (^t()D — 4c 2 «zz)j *y 2 Vd — 2(9vd ^dbw + 12cA(|da + 3cd^ ^ 


<|> WD 


+ 45C 2 V d <3 az) CX 2 | -J— «o" (Mo) 

+ ^gg { — 3G6otf<t>D +36 («,(, D va + 0 <|>w)Gi5 — 4(4c 4 a§ D 

+ (4ca,j,wB vba + 3^Vd g^d)^)] + 18 (3 Vd #dbw -\-^ca^ A +2cfl^ w ^ D — 4cad<t>n + 4 .sc<Zd wb) c*d 


x 2 

+ 16(2G 55 c 2 - 3F^! v d )/ a^w ) 4 s - flo” (M D ) 

J c Xq 


1 x z 

- 77 (4™ - 4«d *□) — 4 «o” (Mh ) 

10 Xs 

1 X 2 

+ — (2« ( j )W x^ — 3xJ flow +Hi7flx5 w ) — aft (Mu) 
o Y X S 

— — ( 2 a^x^ — 3xJ %w +Hi7«xq W )—^ o" (M) 

O Xs 


x 2 

^DD ;2 = ^6 _ ^ a d<^n)^) + (fljwD — 4tfd<|>n) J 34 ] — Bq" (Mh , Md) 

+ ^ |6Li 3 c 4 fl^ D xJ + l6F% l s 2 v d a$ w + $F% 3 sc 2 \ d a$ WA x% ) 

+ 4 ^cfl^wB + (^<|)D — Sc 2 ^)^ sv d + |^— 12 Gi4^w-^d J r'2‘^G\4 a §nXs H-Gsg^D-^D — G60 fl <t>D*s 
+ ^(fl^DVA +^(|)w) Gl5Xsj C 2 

— p4Gl4^ D — GsoCltyD + 12(fl^)DVA H - ) G 15 j —2(9 «d bw — IZccityw — 20s 2 c 2 a$ wz )cv d xl 


- 8(a AZ -2sca zz )sc 3 v d x s -6(3v d a DBW +4c^ DA )Lnc 3 x£ 
+ 4(8Iio«(|)B — 4 Ii 1 cityw — — 4F 3 Xs«aa 
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- 4 Ff 2 a^B ) s 2 c 2 v d - 8 (K 6 x s + L ,4 xj) s c 5 v d a AZ } - 2 — B J" (M 0 ,M D ) 

J C Xs 

+ — pc^wXsX^ + 3xj}x s fluw — 2H[5 + 3Hi5xJtfuw — Hi6^qw 

+ 2Hn a^wXs +4Hi8A: s alg) — Bq" (M, Mu) 

*s 

1 2 1 

— — ( 9 Lii sx D Adwb — 2Li3« ( ( )WAD H-SLis.ycvd a AZ ) — Bq" ( 0 , M D ) 

Jo x s 

^DD;0 = _ 4 _ g^2 Vd (l — Lr) — g (*d — Hn)LR 

a dd : i = I^^oW-i^vaa^Mo) 

- J (4 - H17) - «o (Mu) + i (jg - H 17 ) 1 ^ (M) 
5 Xs o Xs 

aSd;2 = -1 (! - Li3 c 2 ) - 2 - V d Bf (Mo , M d ) 

- i (* s 4 - H 15 4 + H 16 — H 17 ;t s ) 2 Bg° (M, Mu) 
o X S 


(6) 1 S 2 

^DD;0 = — ^ ^2 ^ AA 0 +Lr) 

- 7 5Cfl A z(2 + L R ) 

6 

- - I^Fq C 2 «zz — 2 (—3 C 2 + 5 4 fl A A ) j 

+ ^ {4s 2 ^e> + — G 6 i D — 12 (^(j ) D va + #<|)w)G 15 J | ^2 (1 — Lr) 

- — 3 jHn^w +2 Hi8«J,q — («(|)Dv +^(|)w)^d] c + 2(fl AZ + scd AA — scd zz )s^ 

1 2 2 1 

+ T7 C*D fl DBW — 2cXy fluw) (2— 3 Lr) — 

16 c 


^DD;l — ^ |8K 1 SC 3 d AZi + |^24Gi4 <3 <j,d — G61 tf(|)D — 12(fl(|)DVA +tf<t>w)Gi 5 ] 

+ 4 |^4F 3 a AA + — 4c 2 ^zz)j s 2 — 2(9#dbw + 12c^dv + 4sc 2 tf A z) cxj^ | «o" (Mo) 

— — | I 6 F 3 s 2, d AA +4 j^4c 3 a A z + — 4c 2 «zz)^j s 


x 2 

-Ml 


2 'i X 5 

+ 24Gj4 cityiy G 6 i fl(j)D 12 (^DVA “I - city^j )G 15 — 6 (3adbw+4c« ( | ) d v)r “t—^o"(Md) 

j c Xs 


1 X 2 

— — (2atywXn +3xj}0uw — Hi7^1qw) — *0 (Mu) 

o Y Xs 

+ — (2a ( | )W Xu + 3xj}auw — Hi7^1qw) — “0 (M) 

o Xs 


A DD -2 = - -P7 - Lis sca AZ Bj) n (0 , M d ) 

’ Xs 

+ — 116F3J s 2 aty w + 8F33 sc 2 , ^wa-4 + 4 + (^d — Sc 2 #^)-^ s 

+ |24Gi4fl^ D — G 6 i «(|)D — 12 («(|)Dva + <^<|) w) G 15 J — 6(3#dbw + 4c# ( | ) dv)Lii c 3 x^ 

- 2(9« D bw — l2cv d city DA -20s 2 c 2 aty WZ )cxl -8(a AZ -2sca zz )sc 3 x s 

- ( 24 Gi 4 ^ D x s — 12 Gi 5 X S ^dva — I2G15L13 — G6i L\ 3 dty D )c 2 

+ 4 (8 Ijo city & — 4 In a tyw — L13 ^,|,d — 4F3XS ci AA — 4F b 32 dtyft xj^) S 2 c? 

- 8 ( 1 ^ +L 14 .r5)ic 5 a A z} -J— BS”(M 0 ,M D ) 
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We have introduced 


1 

8 


(2a^x s x q — #uw — 2H[5 a§ w 


*d — 3Hj5Xu«uw +Hi6fl 


(3) 

<|)Q W 


2Hi7fl ( j )W Xs — 4 Hi8^s^q) — Bo" (M, Mu) 
*s 


r o __ 1 M b 

Luy_ 256 M 


3(s£7dB + crt Dw) v d 

+ 3 rt^Q + csfl DB ) + 2(3 + 2 5 2 )cflDwj 


1 

c 


C Appendix: Listing the counterterms 

In this Appendix we give the full list of counterterms, dropping the ren -subscript for the parameters, s 9 = ,v 0rcn etc. To 
keep the notation as compact as possible a number of auxiliary quantities are introduced. First we define the following 
set of polynomials: 


AW 


where x = s 2 \ 


« 0 = i-A 

A" — 5 — 2x 

Ag = 19 — 72* 

At =2-x 
A 9 — 61 +36Aq* 
A* = 3 + 2AJx 
A | 2 — 1 — 4Ajj* 
A* 5 = 29 + 18 Agx 
Af s = 3-AJx 


A\ = 55 — 36jc 
A 4 — 7 — 4jc 

Aj = 19 + 9AqX 
At = 53 — 26x 
At = 56 — 29x 
A‘ 0 = 14-9 x 
A j 3 =29 + 4 A»x 
A 16 — 1 — x 
At 9 = l-A»x 


A? = 10-9x 
A" = 3 - 2x 

At = 29-2AJx 
a| = 19-36-x 
A| = 13 + 12AqX 
A*! =2-3x 
A* 4 = 50-23.* 
Aj 7 = 3 — A" x 


> 

II 

0 

1 

OJ 

X 

A\ = 3 — Sx 

AJ = 19- 18x 

At = 1 - lx 

A S = 1 — 4x 

At = l-2x 

K = i-Ajx 

H 

<” 

(N 

1 

II 

< 

Af = 2-A*x 

At = 3-2x 

A io =4 + 3* 

Af, = 19 — 24 A*x 

A5 2 = 24 —Ajx 

A j3 = 1 + 3x 

a ; 4 = i-a|x 

At 5 = 2 —Ajx 

A i6 ~ 3 4x 

A| 7 = 3+x 

Ajs —3 + 2x 

A^ 9 = 41 — 48 At x 

A to = 97 — 4 A^ x 

AS, =l-2A b R x 

At, = 3 —A^x 

At, =97 —4 At x 

> { 

II 

1 

05 

X 

AS^ = 1 + 2x 

A 2 6 = 9 — 4x 

A 27 = 11 — 6 jc 

> t 

II 

U) 

1 

00 

!"! 

A!; 9 = 19-4Af 0 x 

A c 30 = \l + \2A b n x 

A 31 = 23 — 4x 

A| 2 = 29 - 24x 

A33 = 73 — 12x 

A 34 = 1 — 2 Aj 2 x 

A35 = 2 — A^ 3 x 

^36 = 19— 18Aj 2 x 

A|, = 83-96Afx 

A5 8 = 293- 12A‘ 4 

A39 — 1 AjgX 

AJq = 7 - 6x 

A41 = 1 +2At fi x 2 

A£ 2 = 1-4A* 7 * 

AJj = l-8A{ s x 

X 

1 

II 

< 


B W 


where x 


a'h = Mh/M w : 


Bg = 2-3x 2 
b? = 106+9X 1 
Bt = 4-21x 2 


B| = 11 + 15x‘ 
BJ = 74 + 9 x 2 
By = 11 — 3x 2 


B‘l = 22 + 9x : 
B» = 2-llx : 
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B^e-Bgx 2 
B| = 10 3JC 2 
Bg — 31 + 15x 2 
B 9 — 132 —B 2 x 2 
B '; 2 = 2 + 11x 2 

B‘j = 12 —x 2 

Big = 1 — 9xr 
B 21 = 15 + 4.X 2 
b5 4 = 80 3-27x 2 
B ? 7 = 10-11x 2 
b | 0 = 34 + 15x 2 
B *3 =4 + 3x 2 
B 5 6 = 9-.x 2 
Bf, = 82 - 9.x 2 
B 4 -, — 34 — x 2 
Bj 5 = 32 +3.x 2 
Bj 8 = 51-7.x 2 
B' j j =54-4x 2 


B| — 2 4-x 2 
B$= 10-x 2 
B 7 — 32 —3X 2 
B ( 0 = 132 —B 3 .X 2 
B * 3 =4 + x 2 
B? 6 =12-B“.x 2 
B j 9 — 3 — 4.x 2 
B ? 2 = 20 + 9x2 
B? 5 = 1-6-x 2 
B 28 = 12+11.x 2 
B 81 — 56 + 9X 2 
B 84 — 3 — x 2 
B | 7 — 10 + 3X 2 
bS 0 = 8+9x2 
B 43 — 9 — llx 2 
B 46 — 33 —lx 1 
Bj 9 = 204-B?x 2 


85^7-x 2 
b| = 11 + 6X 2 
B| — 96 — B" x 2 
B 71 = 196 —B 4 x 2 

Bj 4 — 6 — B5X 2 

Bj 7 = 30 — B 7 x 2 
B‘ 0 = 7 + 8x2 
B 23 = 55 — 3.x 2 
B26 = 2 — x 2 

b5 9 = 23-3x 2 
Bt = 144 —Bg.x 2 

Bgg — 6 — X 2 

B| s = 22-3 x 2 
B 41 = 22 — x 2 
B 44 = 31-6 x 2 
B« = 40 + 33x 2 
B 80 = 204 — B 8 x 2 


C where we have introduced Vf = 1 — 2 


Qt 2 

7T S „ 


and 


r (1) ■ 

^gen ' 


: v l + 3 (t'u + I'd) 


r (2) 

^gen 


— Vj + 2 v u + Vd 


= 1 it V'f 


Co — 9 + 1 ’gen 
Cf = v++v+ 
C2 = 41— 4vS 


C 9 = 4- 


gen 

( 2 ) 


C-'iS — 9+4vLi n +v. 


gen 

„(i) 


C 4 = 8- 


v <3) 

pf 

l ’gen 


C 7 = 53 — 12vgg n — 3v| 

Cf 0 = 5v-+v 4 +3vl 

„P) 


C^ = v+ 

C2 = 16 — 3 vl 


,< 2 > 

gen 


C 8 — 3 + Vi 
Cf, = 2 + v! 


P) 

gen 


(208) 



where we have introduced 


Mf 

M w 


r (1) - 

*gen — 


3 ++) 


Xgen =x5 t + 3 (4+Xj) 


(209) 


DJ = 2-9*? 

^3 = *gen — ^-^gen 
D 6 = 2 - - 3x 2 


Dj = 2 — 9*? — 9x\ Dj = — x 2 +*Jj 
Y9 a A =x 2 +x\ E> a s =2-3x 2 


E 


Eg = 2-9 **?j + 9**?> 
E 3 = 14 + 9*.*u — 9**?> 


Eg = 2-xl 

E 9 = 4 + 4**?j + 3**?, 
Ej 2 = 4 + 3**?, 

E? 5 = 1 + 3**J 

Ef 8 = 8 + 3 * *y 

E 21 = 20 — 3**y — 6 **?, 

E a 24 =4+xl 

E 97 = 8 — *? 


E? = 2-9*4 
E 4 = 8-9**j) 

E 7 = 2 +*^ 

Efo = 4 + 6 **?, + 3**?, 
Ej 3 = 8 — 3**?, 

E“ 6 = 4 + 3**?, + 4**?, 
Ej 9 = 8 + 3 **?, + 6 **?, 
E 22 = 1+3**? 

E25 = 4 + 3**? 


E2 = 26 + 9**?, + 9**?, 
E5 = 14 + 3 **£ 

Eg = 1 + 3**?, 

Efi = 4 — 3 **?, 

E, 4 = 16 — 6**?, — 3 **?, 
E, 7 = 8 — 3**u 
Ejo = 16— 15 **?, 

E23 = 4 — *£ 

E^ = 8 — 9 * *£ 


C.l dim = 4 counterterms 


First we list the SM counterterms. In the following we use s = s 0 and c = c e . 


dZ 


(4) 

H 




* (1) 

A gen 


lAg 

6 c 2 


( 210 ) 
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dZ MH =~y {L^gen-^gen^)- f3-(4-c 2 Bg)c 2 l 4}^ 

Z ^g en L -1 C j X R 

(211) 


d 7 W — _ 2. a c ^ ]m ac d7^ 4 ^ — -Ao — — - N v® 

QZj A - 6 A 2 + ^ iN| gen Aj <^ A Z - - - A 2 - - l>gen Vgen 

(212) 


d7^ — 0 d7^ — — N — — V 

az, W " u aZj M w ~ o iN gen ? 2^ A gen 2 

J ^ gen u c 

(213) 

dz) 4) = 

L e 

-ir? A2 -i( c "- 16c2 )¥ 

dZ i 4) = -^ + ^ N ge n 

(214) 

(215) 


dZ Mi = ^[3C? + 2(3Eg-8. 2 )c 2 ]l 

(216) 

dZ^ 

UZj RD 

= 144 [9C? + 8(9.v 2 +2 . 2 )c 2 ] i dz[ 4 > = ^ [ 9 C fl + 4(9E‘; + 4. 2 )c 2 ] i 

(217) 


dZ %=-i( 5 - c2E ?)? 

(218) 


<i = ^(8-c 2 E?)i dz[ 4 ) = l(l + c 2 E J)i 

(219) 


dZ ML=-^ H - c2E ?)? 

(220) 


= y (2 - c 2 Eg) 1 dz[ 4) = ± (1 + c 2 Eg) 1 

(221) 


dZ= o dZW = I (1 + c 2 E?) 1 (222) 

C.2 dim = 6 counterterms 

To present dim = 6 counterterms we define vectors; for counterterms 

CT, =dZ^ } CT 2 = dzjg CT 3 =dzf CT 4 = dZ$ CT 5 = dZ^ 

CT 6 = dZ^; CTv = dzi 6) CT 8 = dZ^ 6) CT 9 = dzj, 6) CT 10 = dZ^ 

CT n =dz|f/ ) CTi 2 = dzj 6 ^ CT , 3 =dzg j CT 14 = dzj^ CT 15 =dz[ 6 j> 

CT l6 =dZ^ CT 17 = d4 6 L CT 18 =dZ[ 6 ^ CT 19 = dZ<f> CT 20 = dZ^ 

and for Wilson coefficients 


= W! 

<N 

£ 

II 

□ 

-©- 

^3 

a<po = W 3 

a l)W — W 4 

b = W 5 

a (|)WB — Wg 

a a $ = W 7 (q,u) 

6fd<(> = W 8 (q, d) 

«L<|) =W 9 (A,1) 

4q = w io(q) 

aJNWna) 

fl(iu=Wl 2 (u) 

a<|)d = Wi 3 (d) 

= Wi 4 (l) 

4 3 q = W 15(q) 

«fl ] = W 16(l) 

fluw = W 17 (q,u) 

adw = Wi 8 (q.d) 

aiw = W [9 (A , 1) 

a U B = W 20 (q,u) 

fldB =W 2 i(q,d) 

«1b=W 22 (A,1) 

flndQ = W 23 (A,l,d,Q) 

«Sod= W 24(Q 1 


«UQU = W 25(A,TQ,U) 

The result is given by introducing a matrix 

CT, = £ Mf J Wj+ £ £ Mg (label) W 7 (label) 

y=l,6 j= 7,25 gen 


(224) 


(225) 
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where, without assuming universality, we have 


£M^ 0 (label)Wio(label)=M^ 0 (u,d)Wio(u,d)+M^ 0 ( C ,s)Wio(c,s)+M^ 0 (t,b)W 1 o(t,b) 

gen 

£M^ 2 (label)Wi 2 (label)=Mf 12 (u)W 12 (u)+Mf 12 (c)W 12 (c)+M5 2 (t)W 12 (t) 

gen 

etc. In the following we introduce all non-zero entries of the matrix M ct . 

• Mjf entries 

<2 = 4{ 4A n- B ^ 2 }^ 

<3 = ^I4en-1{3A5 2 -B‘c 2 }i 

^ gen U C 

M ^ 4 = -£{4en- [c 2 4en-4+ 2 (2'S 2 4e ) n + D 3)] <4 

+ g { 9A 9 _ [-( a 8*h + 8B 2 ) + (—Bj 0 s 2 + Bj!)c 2 j c 2 } 

+ 3 { C i + [ 8<r 4 _ (16 + CqX 5)J c 2 |Ng en 

M l!5 = L{ 2 4en - [ 4 4en -4en4] C 2 } 4 

+ I {6Aj 0 — [(A c 8 4+2B*3-(4B*-B^)c 2 ] c 2 } i 

“ 6 [ 2 “ c2 ^.] ° 2 + [ 2_ A 5-^ii] Co} N gen 

M l!s = -L{ 2 4 o>- [ 4 4en-4en4] c2 } sc 

gen L 

+ -p { 2 A§ Cq + [l 6 Aj c 2 x^ — (A 4 C 0 XJ +32Aj)j c 2 | — N gen 
+ I { 2 A 2 + [ 2 B*s 2 - (—Ag.rj +B| — Bgi 2 )c 2 j c 2 } 1 

m 4 (q - u) = -3.r 2 M« (q, d) = 34 (X , 1) = 


Mi!io (q) = 

2|c?+6D?c 2 } 

1 

? 


^ 1% 

VO 

1 

M l‘l 2 (u) = 

-2{v“-6 c 2 x 2 u 

}? 

M133 (d) = 2 < 

{v d -6 c 2 4}4 

M?!l 4 (1) = 

= § {vf-6c 2 ^ 

i? 

M145 (q) = 21 

c 3 +°v 2 }4 


Mf, 6 (l) = ^{ v l + + D S c2 }? 

Mfr 7 (q,u) = - 2 4 m i* 18 (q> d) = j 4 19 > 1 ) = 2 4 


• MS;* entries 

m 4 = —311 +B[ 2 c 2 | 

M 2,2 = {-L[ 4 4 en -4en4l + [3 - (.v 2 - B h l4 c 2 )c 2 j 4} 4 

L gen L J L -l C J X H 
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M ?3 = ^{ 2 L[ 4 4™ _ 4«»-4] + [l8-(5-4+Bi 6 c 2 )c 2 ] 1}^ 

“24 = { _ 52 [ 4 4 en _ 4 ‘ 5 n- t H] + [ 3 + ( B 15 + B 174 )c 2 ] yj y 


Mj* entries 


M! 


M' 


M ?5 - 3 { 4 ~ [-C 2 4 + B 13 ] c2 } pr^T 

‘ 6 = -3{4-c 2 .v 2 } 4- 4 M? 7 (q,u) = -3{84-4}4-4 

!s(q- d ) = 3{84-4}4-*d m? 9 (a,i) = {84-4} 


M 3£ — X 4 e “ — 3 { A 19 + B 18 c ' 


}? 


M 3^3 - y NgenC" + 4 L4en“ 24 { 3A 20 ^ B 22 c2 } y 

“ 3 J 4 = £{c 2 4 1 e ) n4+ 2 f 2 ‘ s2 4e ) n + D 3l} c2 

gen ^ L J J 

+ g { [l 8 -B 2 0 + 2 B 2 1 i 2 j - J-2Af 4 4 -Bjo^ + B^j c 2 j 
+ \ {3 [8c 2 - (Cg)] c 2 4 + |^—16A[ 7 +3C"j } N gen 

“34 = L{ 2 4en - [ 4 4®°-4en^] c 2 }* 2 

gen 1 

+ g {6 A i3 - [— (—2A^ 4 4 +4B^ - B gS-)c 2 + (—2B , j’ 9 i“ + B|3)J c 2 | -j 
— g {-16 |^2 — c 2 4 ] c 2 + [ 2_ A s 4 ] Cg | Ngen 

M 3^6 = -I{ 2 4en - f 4 4en “4^4] c 2 }-sc 

gen ^ L J J 

+ jg { 6 A 5 C 0 + |^48 Aj c~x^ - (3 A^CgxJ +32 Ai 8 )J c 2 J -N ge n 
+ g { A 15 + [ B 24 j2_ ( _A 64 + B 1 -B|,s 2 )c 2 J c~ j — 

“340 (q) = 2 |c? + 6Dgc 2 J -y “341 (1) — { v i + — 6 c"*f } y 

Ms'nfu) = { v u ~ 6c 2 4} 4 “§4 3 ( d ) = 2 {v d -6 c 2 4}4 

344(1) = ^ { v f -6c 2 4} y M« 5 (q)=2{q + D?c 2 }^ M§J 16 (1) = | {v+ +Dgc 2 

“347 (q ■ u ) = _ 7 a i-3u “34s (q. d ) = 7 A i6^d “349 11) = 2 A i 4 

“3(20 (q. u) = 4 .sc 4 “341 (q ■ d) = 2 sc 4 M?22 4 ,1) = 2 W 


Mjj 1 ,. entries 
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M 4^2 — £ x gen ^ 7 ( 2A 19 +3B| 5 c‘} -j 
M ?3 = 4 L 4 en “ ^ { 3 A 23 - B 3 l } ^2 

M ?4 = L{ c2 4en x H + 2 [2i 2 4en + D “] } 

gen 

+ g |6A5 2 + |-(-2Ai 4 xg -B* 0 i 2 +Bi,)c 2 + (B 27 +B 28 s 2 )J c‘| -j 

— g { 16 [2- c 2x h] c 2 “ [~ A 5 x h +B 26 J Coj Ngen 

M ?5 = L{ 2 4n- [ 4 4en“4en A H] C 2 }s 2 

gen 

+ g {6A13 - ^(Ag.x-j, + 2 B 29 ) — ( 4 B 5 -Bj 2 i‘)c 2 J c 2 J -j 

~ 6 {~ 16 [ 2 — ^-^h] ° 2 + [2-Aj.v^j Cq J Ngen 

M 4 ( 6 = “L{ 2 4 en- [ 4 4 2 e ) n“ 4 e ) n 4 ] c 2 }sc 

+ { 2 A§ Cq + [16A5 c 2 .xp — (A4C0J5 + 32 A§)J c 2 J — N gen 

+ i { 2 K, + [2Bj 0 s 2 - (-AS 4 +B* — B | i 2 )c 2 j c 2 } 1 

M 4 ao(q) = 2 {c?+ 6 D?c 2 } M 44 i (1) = — ^ { v i + — 6 c 2 .xf | 4 

M?i 2 (u) = ~2 j v~ — 6c 2 | 4 M443 (d) = 2 j — 6c 2 .Xg | 4 

M444 (1) = f { v f 6 c 2 x, 2 } M£ 15 (q) = 2{c^-9D2c 2 }jj m£ 16 (1) = ^ {v+-9c 2 .xf }-^ 

• Mj*. entries 

M §|2 = 3 M 53 = - 4 A 24 pj 

M54 = - Ngen - 52 4en + g { ^ + B33 c 2 1 
= -1 M« 5 (q) = 2Dg M^ 16 (1) = | D? 

^Iji 7 (q > u ) = — 2 x “ ^548 (q > d) = 2 •’•4 Mf*i 9 (a , 1 ) = — xf 

• entries 

MfU = - 24 A29 sc ~ 36 { ~ 3 ° 2 V ®" e)n + 4 A ’ 28 r } 77 N S en 

m M = ^g { 64 A 25 c2 + \ 2 ^s 2 Vgen + C7] J - N gen 

+ 6 { A 27 ”6 [a 25 B* 5 -2B3 5 i“j c 2 J - 

K,5 = ^{5A54-6[b* C 2 -(-2B§ 5 +B* 8 ), 2 ]c 2 }^ 
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M 7 4 entries 


+ ^r{3Cg-8[l6r + 3q]c 2 }^N gen 


M! 


gen 


• 6 = {^ a i 6 c o — 2 [l 28 i 2 c 2 + (—8C5S 2 + 3 Cj()J c 2 j ^-N gl 

P7 { A 26 “ - [ (3 B*3 + I2B34/ — B^gi") + (“ 12 Bj 6 i - +B3 7 )c 2 J c 2 | ~2 


12 

<io(q) = 


ct 2 " <>?) = ” m£ 12 (u) = -1^ M;;' l3 (d) T '? 5 


3 c 


3 c 


3 c 


<i4(i) = <15(q) = -2 i m« 16 (i) = - 2 * 


3 c 


m; 


m; 


(q- u ) = ^{8c 2 +3v u }^ 

19 (A. 0 = -^{ 4 C 2 + V’i} 

I^ 2 i(q.d) - ^ |3v d — 4 s 2 |aj 


M 


;*i8 (q, d) =—^ { 4 c 2 +3v d } 
^(q.u) = ^{3v u -8r}.x 2 
<^22 (^- . !) = ^{ v l“ 4 ' s2 }- 1r ? 


tv >rCt ^ S Z 

< 2 = -6? 


M 


M! 


M! 


M! 


i - -g L4en + ^8 {- 4c2v gen + Cio} ^ N gen~^ |a§ 0 + B^ 0 c 2 } 
<4 = pp { A 33 — 3B42C 2 j ~2 - {— 4 CgC 2 +Ci 0 | Ngen 

= -p{ A 32-B4lC 2 }^2 

740 (q) — “p {c? + 6Df c 2 1 -3 


1 s. 


M 7,6 — s 2 N S en v gen + p^ { A 31 “ B 38 c 2 } - 


3 c 
M! 


"n( 1 ) = -p{ v i + 6c 2 xf}4 
‘ 12 ( u ) = ~6c 2 4}\ M?!i3 (d) = - p |vj — 6c 2 .tg| 4 

7 ^ 14 ( 1 ) = —6 { v i 6 c 2 X\ } ^2 M ?|i 5 (q) = - 9 |- 4 e‘ +C 3 J 


M- 


<(!) = ^ {— 4c2 + c s} <n(q> u ) = -p^ v u 

M 718 (q 1 d) = p *d v d M 7% (2- , 1) = p A v ! 


<2o(q- u ) = “P“ v < m t! 21 (q ^ d) = — § 7 v d -ra 


4 c 


1<22 1 1) — — p - V 1 ■*? 


Mg 4 entries 
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M 8^ - lL J gen - 7 { A 37 + 2B 18 c2 } ~ 

M 83 = 4 L'4en+ 24 {~ 4c2 ''gen+ C lo} ^2 N gen-{ A 3 8 -3B5 5 c 2 | 

m M = L { ° 2 4en 4 + 2 [2 S 2 x^ n + Dfl} c 2 

+ g { A 36 + [~(”2A[ 4 4 + B n-B» 0 r)c 2 + (B 43 — 2B 48 s 2 )J c“ j -j 
_ 6 {4'° + 2 [(16- 8c 2 xg + Cq.i: 5 )c 2 - (Ci 3 )J c 2 j Ng en 

m I 4 = L{ 2 4en - [ 4 4en “44-4] c 2 }s 2 

- - {9A 84 + [-(—2A, 4 4 +4B 4 -B 49 s“)c 2 + (B 44 - 2 B(j 6 i 2 )J c“ j 
~ 6 [~ — c_ ' t h] c ~ + [ 2 “ a § 4] Co} N gen 

M 8^6 = -L{ 2 4en“ [ 4 4 2 4“4en4] c 2 }iC 

gen 

+ g { A 35 + [ B 47 ■S 2 “ (— A §4 + B 1 “ B 8 S 2 ) c “] C 2 } — 

- 1 { [16 (2 - AS4)c 2 - (-A 4 Cq 4 + 2Cg + 16Cf! * 2 )] c 2 
+ 2[(-8^ 2 vg n + C? 2 )]. 2 }4 : Nge„ 

M Mo(q) = {^2 + 12D 2 c 2 | -j Mg|n (1) = - - |-12c“.3rf + C 8 | -3 

Ms 42 (u) = -{v^-12c 2 4}^ M^ 13 (d) = {v d -12 c 2 4}^ 

M 8*14 (1) = 3 ^ "{ V l ” 1 “ C ’ 2x ?}^2 M M5 (9) = {Os +2Dl C 2 | ~2 

Ms'ieW = -^{ v f- 2D o c2 } ^ M M7(q.u) = -|4vu 

Mftgfo.d) = M^ 19 (A,1) = ^fvf 

M 84(q. u ) = -|-Vu4 M 8 t 2i(q- d ) = -7- i, d4 

2 c 2 c 

M 8?22 > 1) = ~ T - V 1 4 

M 9 l ( entries 

M 9*2 = iJl 44 _ 7 { A 19 + B 18 c2 } ~ 

“gen 01 C 

M §4 = g I44™ - ^{ 3A 23- B 31 f -}^2 
M ?4 = \ L{c 2 4e ) n4+ 2 [ 2 ^4en + D 3] } c2 

gen 

+ ^{ 3A 40-[ ( - A 84+ 2B 5 1 ) + ( - B 10^+ B 1 1 ) C 2 ]c 2 }^ 
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M,q entries 


M, 1 ) i entries 


+ i{cu[8c 2 ^-(i6+cg4)] c 2 } Ngen 

“94 = \ l{ 2 4 en - [ 4 4 ™ - 4 ™^] c2 } ^ 

+ { 6 A 13 -N*h + 2 b! 9 ) - ( 4 B$ - B|, 2 )c 2 ] c 2 } 1 

- — {-16 [2- c 2 *|J c 2 + [2 — Agx^J Cg jN gen 

<6 = “I E{ 2 4en - [ 4 4en “4™^] c 2 }-*c 

+ 24 { 2 A 5 Cg + [l6AjC 2 .rg - (A^Cg^ + 32 A§)j c 2 | — N gen 

+ p { 2A 39 + [ 2B 6 i2_ (~ a 6 a h + b i _b 8 ' s “) c2 ] c “} — 
M940O1) = {eg + 6Dfc 2 | ~2 M941 ( 1 ) = —-|v[ + - 6c 2 xf | ~2 

M942OO = ~{ v u — 6 c 2 x 2 1 4 “943 (d) = | v a — 6 c 2 x%J 4 

“944(1) = 5 { v f ~6c 2 xf} M^u (q) = {Cg + Dgr 2 1 4 

“946 (O = ^{ v l + + D 0 c2 }^- M 947(q- U )=-|^ 

“948 (q ■ d) = - *5 “949 (2-11) = ^ x i 

“10,2 = 4 X 6 m io ,3 = _ 43 { 7 + 6 c ' j 4} ^2 
M^, 4 = 1{7 + Egc 2 }i “* 6 = -^ 

“^0,8 (Q. °) = -\ {1 + [ 3 "H + Eg] c 2 } 1 “1040 (Q) = -I { 4 -E? 2 e 2 

“1043 ( D ) = 4 { 2 + E ll c “ } ^2 “1045 (Q) = 4 { 4 — Egg C 2 j -j 

M?047(Q.U) = M« 18 (Q,D)=-^{2Ag 6 + 3Egc 2 }^ 

“to,21 (Q) d) = -4 { 2 - E ?3 c 2 } 4 - M^ 23 (A,LD,Q) = {^^- 

io t > c / gen x D 

3 

“to, 24 (q, U, Q. D ) = §£- 

- gen X D 

“11,2 = \%> “ft,3 = -J2 { 4 + 9 c 2 z d} ^ 

“it, 4 = g { 2A 4 i-E? c 2 } -j “11,5 = ~g i4 

“it,6 = ^ A 25 ic “it,8 (Q 1 D ) = — 4^ 

“n,13(D) = ^{ 4 -Eg 2 c 2 }l Mf 1>21 (Q,D) = 
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Mp . entries 


<3, ( entries 


Mj 4 ( entries 


Mp i entries 


m 12,2 = \$> m 12,3 = - 4{ 1+9c2 *°}? 

M 12,4 = Yg { A 42 + E 2 c “} ^2 M 12,5 = | A 9- r 

Mi2,6 = M 12,8 (Q- D ) = ~ 4 *d 

M«,10(Q) = {2 + E?!C 2 } 1 M« 15 (Q) = i {2 + Ej 4 c 2 } 1 

M 12,17 (Q' U) = M^ 18 (Q,D) = -|^ 

Ml2,21 (Q. D) 

M tb=Y^ M iw = ^{ 5 ” 6c2 4}4 
M^, 4 = -1{5-E?c 2 }i m b,6 = -yy 

m 13, 7 (Q.U) = i{l+[34+E? 5 ]c 2 }i Mf 3il0 (Q)=i{8-Ef„c 2 }^ 

M 13,12 (U) = 4 |2~Ei 7 C 2 | ^2 M 13,15 (Q) = 4 -EijC 2 j ^2 

M 13,17 (Q- U) = — |2Af +3E“ 6 C 2 J ^2 Mp 18 (Q . D ) = ~ g*D 

3 

Mf 3 , 2 0 (Q-U) = J-{k)-EV 2 K Mf 3i24 (Q,U,q,d) = |£-^ 

1(1 1 ’ C 1 gen X V 

I x 3 

M? 3 i2 j(*, 1 ,Q,U) = --E- 1 

“ gen *U 

M 14,2 = M 14,3 = -^{i 6 + 9c 2 4}-^- 


Mm,4 - g { 

8A 41 — E 4 c 2 

}? 

M ct — 16 e 4 

lvl 14,5 — “ s 

M^, 6 = 

^ A 25 ic 

1< 7 

(Q,U) = i* 2 

m£, 12 (u) = -i 

{s-E? 8 c 2 } 

1 

? 

M 14,20 (Q ! U) = 
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M|g f entries 


M|7entries 


Mjg i entries 


MSsf, ( entries 


M 15,2 — 4^ M 15,3 - j 1 + 9c 2 * 2 j ~2 

M 15,4 — jg { A 43 + E 2 c2 } ^2 M 15,5 = g A 16 ^ 


M 15,6 = -^ A 4*C 

M^ 7 (Q,U) = i.* 2 

M 15,1o(Q) = g { 2 — E ?7 c_ } ^2 

My5,i 5 (Q)=-^{ 2 - 

Mg, I7 (Q,U) = 

m^, 18 (Q,d) = ^4 


M 15,2o(Q’U) — g -*ij 


M 1S,2 - 4 M 16,3 ~ f6 { 11 ^ 2<?2;C L } ^ 

M I 6,4 = -4 { 11_E 5 c2 } ^2 M 16,6 = ~ 2 c 

M 16,9 ( A i L ) = {l + [3^ + E 22] ° 2 } ^2 M 16,ll ( E ) = { 4 ~ E 24 c2 } ^2 

M 16 , 14 ( L ) = j 2 —E 23 c2 } Mij 16 (L) = - | 4 -E 2 4 C 2 | ^2 

M 16,19 ( A ' L) = -— |2A5+Ef 5 C“| -J M 16,22 ( A - E ) = — {6 — E^ 6 C 2 | 

3 3 

m 16,23 (a, L, d, q) = - ^ — m 16,25 (A,L.q,u) = --^ — 

^ gen £ gen X L 


m 17,2 = ^ M ^ 3 = -i{4 + c 2 ^}l 

M 17,4 = { 2A 41 ~ E 6 c ~} ^2 M 17,5 = ~ 4 ‘ s ' 4 

M 17,6 = 2A 25 ic M ?7,9 ( A • L) = — 4 
M 17,14( E ) = ^ C 2 } ^2 M 17,22 ( A ’ E ) = 4 “ "^L 

M 18,2 = ^ X L M 18,3 = ” g j 1 + c2 -*i} 

M 18,4 = ^ { A 44 + E 7 f 2 } ^ Mf 8 5 = 2A^ 2 
M 18,6 = 4^ 3 C Ml8,9 (A, L) = — - Jtj 

M 18,ll ( E ) = 2 { 2_E 23 c2 } ^2 M 18,16( E ) = ~2 { 2_E 27 c2 } ~2 

M 18,19 (A, L) = --Jtj Mj82 2 (A, L) = - - XI 

M 20,3 = ~gY2 M 20,4= 2{ 1+E 7 C “}^2 
M 20,ll ( E ) = ~^2 M 20,16 ( E ) = { 1 + E 6 c2 } ^2 

M 20,19 (A, L) = -- Jtj 


( 227 ) 
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D Appendix: Self-energies at 5 = 0 


In this Appendix we present the full list of bosonic self energies evaluated at s = 0. We have introduced a simplified 
notation. 

Bop ( m t i m \) = Bop (0; mi, m 2 ) (228) 

etc. We introduce the following polynomials: 


Mg = 5-3c 



Mg = 1 —2c 

Mg =4-9c Mg 

= 7- 10c 

Mg = 5 + 4c 

M$ = l-3s Mg 

= 4 —c 

Mg = 17+ 16c 

Mg = 31-11c Mg 

= A — s 

Mg — 1 + s 

Mg 0 = 3 + c Mg*! — 15 + Mgc 

M ( 2 = 17-8c 

Mg 3 =8 —5c Mg 4 = 41 — 24 5 

Mg= l + 18c 

Mg = l+4c 

Mj = 1 + 6 c 2 

Mg = 1 + 24s 2 c 

Mg = l+3Mgc 

M c 5 = l+4Mfc 

Mg = 2 — Mg c 

Mg =3-c 

Mg = 3 + 4c 

MS =5 + 8 c 

Mg 0 = 7 —38c 

M c u — c — 2 

Mg 2 = l-40c + 36sc Mg 3 = 3 —2Mgc 

Mj 4 =9 — 85 

Mg s = 11 + 4<r 

Mg 6 = 1 + 10s 

Mf 7 = 1+2M b 4 s 

Mg 8 = 1 — 2 Mg c 

Mg 9 = 2 — c 

Mg„ = 3 — Mgc 

Mgj = 4 + c 

Mg, = 5 — 2c 

M 23 = 6 — M 7 c 

Mg 4 = 7 — 2 Mg x 

Mg 5 — 9 —2Mgs 

M c 26 = 18-11c 

M | 7 = 5 — 35c + 8 .sc 

Mg s = 39-40 s 

M 29 = 1 + c 

M 30 = 1 —Asc 

Mg, =2 —3M g 0 c 

M 32 = 3 — Mg 2 c 

M 33 = 4 + 3 c 

Mg 4 — 5 — 2 Mg 2 c 

Mg 5 = 9 — 8Mg 3 c 

M ^ 6 = 29- 16c 

Mg 7 = 37 — 48 s" 

M 3 g = 37 — 2M g 4 s 

M ^ 9 =49-34 c 

Mg 0 = 79 — 40 c 



N 


N 0 = l-3*v d 

> 

1 

cn 

II 

Z 

N 2 = 5-3*v„ 

N 3 = 20 —3*Vgg n 

N 4 = 1 +v 2 

N 5 =1+v 2 

N 6 = 1+v 2 

N 7 = 9 + Vge n 

N 8 = 38 + 3 Vge n 

N 9 = 1 — V] 

Ni 0 = l-v„ 

N 11 = l+v u 

Ni 2 = 1 - v d 

N 13 = l+v d 

N 14 = 1-3v, 

N 15 = 1 + Vi 

Ni 6 = 2 — v u 

N 17 = 2 +V u + Vd 

Ni 8 = 2 — v d 

N 19 = 2 — Vi 

N 20 = 2 + 3 vi 

N 21 =3-5v„ 

N 22 = 3 — Vd 

N 23 = 3 + vi 

N 24 = 4 + v„ + v d 

N 25 = 9 — 5 v u - 

-v d -3vi N 2 6 = 10 + 3vi 


N 27 = 38 — 15v u — 3v d — 9vi N 2g = v u -Vd 


M 


where s = s g , c = c e and 


O 


[p~| 


Oo =4 + 34+3x5 Oi=a'5+4 0 2 =4“34 

0 3 = 3^-4 0 4 = {xl-x 2 d ) 2 


Po = 1-4 
P 3 = 6-74+4 

P 6 = 12-134+4 
P 9 — 1 — 34 + 34 — x i 
Pi2=7-64 
Pi5 = 5 - 64 +4 

Pis = 11 184 + 7 4 

P 21 = 80 -794 


Pi — 2—4 _ 4 

P 4 = 10-114+X^ 

p 7 = 12-114-4 

Pio = 42 — 414 -4 
Pi3 = 9-4 

P 16 = 78 — 794 
P 19 — 20 — 234 + 3xj 


p 2 = 3-24 -4 

P 5 =2-54+3xJ 

Pg = 8-54 -34 
P 11 = 1-4 

P 14 =20-214 + xj 
P 17 = 10 + 34 
P 20 =32-454 
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With their help we derive the vector-vector transitions at s = 0 


A self-energy 


ni 4 i ; o(0) = -^^Ngen(l-L R ) + i i 2 (7-9L R ) 


<1 ., (0) = 3 s 2 of (M) - = £ s 2 a 6 0 " (M,) 


„2 „fin / A/f \ _ V 1 „2 „fin / 

3 ' 


TP L ^o” (Mi) - p £ s 2 ^” (Af d ) 

^ gen y gen 


n AA;2(°) = ° 


^AA;o(^) — - g~ Ngen ^wad (1 — Lr) — — C 2 a ^d (7 —9Lr) 


1 r C 2 SC 3 S 2 C 2 1 Lr 

+ — .SZtywA-2-rP2tf(|>B + —-- P3 ^WB + (Pi + P4 ^<|>W ) ——- — 

Z L 1 Xjj A Xjj 1 J C 

2 

+ — (ca<j,WB +75 , « ( ( )W )5 — 2 ^(<2dWB*d — 2fl uWB ^ +«1WB xf)s(l -L R ) 


IT 


AA; 1 1°) — ^ P ° ° AA fl o” ( Mh ) “ 2 ~2 ° AA fl 0° ( M °) 


1 -Vh 


1 1 


— 2 [^ c a <^B +3c“ a^ D — 2 (3ra^wB + 5sa<j, w ) si a 0 n (M) — — ^(a^wad + 9stf dWB -rd) a o” (Mi) 

gen 

2 4 

— — ^(itywAD + 3 S d\ WB ■*? ) ^o" (M) — Q ^(2fl(|,WAD — 9 5 WB ) flo" (M u ) 


n AA;2(0) = 0 


• Z—A transition 


4 4 2;o(0) = -| f N g™ vgn (1 - Lr) - ~ (1 + Lr) + I sc (7 - 9Lr) 

n z2; 1 (0) = \ - r MS 4“ (M) ~ \ I V, af (M,) 

0 C J gen C 

-7l^ V "“0 n W-llp v d<!fW 

J gen C J gen c 

4 4 i;2(0) = 0 


n22 ; o(^) — 2 p ca 4 >o (1 — Lr) — — — <3^,0 (1 +Lr) — — — c 3 a^ D (7 — 9Lr) 

— — [3 M 3 q^wb — 2(—3fl(,B +^w — 36s 2 C 4wb) ,sc — 6 (Pi ai^b + P 4 < 7 |>w) p—J 

- (P 5 -6P 6 s 2 ) j q^wb] ^ 

“ 6 [^6^‘i’WA +M( 0 5Afl^i WZ — 28 s 2 cj p 

+ Jj7 { [3 ca^D Vg 2) n - 4 (3a^wB v^n - 32 (-ca^ W z +s^wab )sc) sj c 
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+ 4 (N 3 a* w - oto) s 2 } ^ (1 - L r ) 

— — 3 [—(<31WB Vl +4 1 S , <?aiBw)*? — (3vd <3dWB +45'C<3dBw)^d + (3v u a u WB 

gen 1 

+ 85 , Cfl uB w)^j + 8 («(|)lv + 0<|)dV +2fl ( | ) uv)5'| — (1 — Lr) 

2 

4 6 2 ;i(0) = i Po a AZ a? (Mh) - i ? a AZ of (M 0 ) 

+ 2 ^ (8 5 2 <3 a A — 8 M 4 S C <3 A z + M 5 <3,1,0 + 48 M 7 S 2 C 2 flzz) ~ <3o" (^) 

— — — \c 2 a^D vi — 4 (c0 ( | ) wb vi + 2(<tyi v + 2 c 3 a^wz — 2 1 yc 2 <3^ WAB )5 , )5j 

gen J 

+ 3 (^i wb v i + 4 sca\ bw)^^ — ( 4 Ni a §w — Mgfl^o)*? 2 ^ —< 3 o" (^1) 

— — — [3C 2 Vd — 4(3cVd <3^WB +2(3<3^,dV + 2 c 3 fitywz — 2 SC^ <3(|)WAB ) -S') si 

+ 9(3Vd fldWB +45C<3dBw)^-^ — (4 No<3,),w — Mj <3(^0)s 2 } — Aq 1 (Mi) 

+ Ty [3 ^ 2 v u ^3<f)D — 4(3cv u <3^,WB +2(3^,), u v +4 c 3 0(|)WZ — 4s , C 2 <3 ( |,wab)s).S'J 

+ 9 (3 v u < 3 u wb + Si'CfluBw)^^ +2(4N2<3,j,w — Mq^d)^ 2 j- — < 3 o" (Af u ) 

n ZA; 2 (0) =0 


• Z self-energy 


4to(0) = -^(l-6L R ) + 2^. 

+ ^?Z L T P7 + ^L^Oo( 1 - L R) 


X 2 

4L (0) = -2 L a? M 5 I J (M) + | |4" (M u ) 

gen gen C 

^ gen c 

- | (r 2 ^- yyW M n) ? «f w - 5 (c 2 + 2 7 -L^ My-L a? (Mo) 


4z;2(®) — p [' + ( 2P 0 Pfl r ~ a h ) x 2 _ j A h] ^6 ®°P (^ H ’^ 0 ) 


4z;o(®) — g ^2 _ j P8«*D ^2 24 ^ a <>n+ a tD) c 4 P ^Lr) 

+ ~rr (4Po^4 +P7^d) “t “t—7 

12 c z — 1 

+ t 5^(24^ <3<|)d — 24x 2 <3^, u + 8xf a^iA — Oo^d + 12Oi ^ u va) — (1 — Lr) 

4 gen C 

4z; 1 (0) = - 4 aJS” (M) 

1 r 111 

+ 7T7 9—-j-Po^D-^ — 8(4^ n +<3^o)c 2 + 8(4^ n +<34,D) “-“ 2 —2“ 1 ~6 a 0 n (4^h) 

Zt - L 1 1 C Xpj -I C 
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_ 24 + fl< t» D ) c2 + 8(4fl ( j, n -— ^ 2^2 ^ 11 ] ^5 a o n (M)) 

1 3 

+ t 5^(8<3(j,i a — ^d) -j «o n (M) + t ^(S^dA — ^d) — (Mi) 

4 gen C 4 gen C 

2 

+ | ^( 8 «^uA — <3^d) -yao” (M„) 

4 gen C 

44(0) = ~yy + fl i|>D) + ( 4 < 2 i)>a + 04 , 0 ) (2Po - PoC 2 A' 5 ) -j -y •*«] yy Bq” (Mh , Mq) 

4z;o(0) = y(3-5L R )-i/(7-9L R ) + l_L (]1+6LR ) 

1 Nppn 1 Ngpn 

+ T2T N2L -36^ + 6L ^T 

4 z; 1 (°) = -S ? M > 2 fl °“ W - 4 ? (M °) 

- 4 I 3N6«? (M) - y E 3 n 4 «S” (Mu) 

iZ ' gen c ^ gen c 

~ 4 E J3 n 5 a 0° ( M d) + yy (-C 4 + y— -p-r) ye«o” 4 h) 

^ gen C LZ ' 1 C X H C 

4z; 2 (0) = ^ [l + (2Po-Poc 2 -4)-4-y.Y 2 ] ^BS(Mh,M 0 ) 

- \ (5 + y4-y Po-4) ^ Bg“ p (M h , M 0 ) 

^zz;o(0) = ~ y Ngcn a 0 d Vgen (^ Lr) yy yy ^on (2 + 3 Lr) 

+ (3 — 5L r ) — -s 2 a^ D (7 — 9 Lr) 

11 ,1 Ngen 

72 ? a ^ D ^ “^^r) — 24 c ~ ^25 a ^ D 

~ E (1 ~ l r) yj N 28<4 + yy (N 2 7 +6Li r ) ® 2 a^D 
- 1 Ef 3N io^ u - 3N 12 ^d —SNna'q-Nnaa^-^-^iv)^! ~T 

4 gen L J C 

+ g E[ 9N 1S^ U ^^Niga^d -3Ni9«^i — N 2 o<4 “ONmC^ 1 + N 26 a il ) ~3Lj r fl4 -J 

y gen L C 

4 z; i ( 0 ) = ~ 24 yi ^12 a go a o° (M) 

+ yy (4fli|>n +fl9D)c 4 + (4a^n + fl9 D ) y — c ~i y> ] y6 a o”(3^H) 

- yy ( 4a +n +«*d) yy “o” ( M o) 

- 4 E[ 4 c 2 | 3 t DVl + (8 N 9«9i — Niqa^o +4Ni5fl9iv A )J -4o“ ( M i) 

4 gen L C 

- yy Ef 4c2v d^D + (2 4N 12a t d + 12N 13^dVA-N22a9D)j 4 a o"( M d) 

24 gen L J C “ 

- yy Ef 8c2v u a <fD - (24Ni 0 a t u - 12Nn c^uva+N 2 i a<|, D )] 4 a o" ( M u) 

24 gen L J C “ 

4*4(0) = yy [( 4a <l>n +o^>d) + ( 4 a<t>n +«i(id) (2Po — Poc 2 *h) yy-y-^s] ^6 ®o” (Afa , Afo) 

— yy ^5 ( 4 fl<t>n +«9 d) + ( 4 «9n + a tn) yy-j" Po- v nj y^ BqJ (Mh , Mq) 
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• W self-energy 


A ww ; o(°) = 2Lr - zh (1 “ 6Lr) + 1 7^1 Pl ° + ^ E °° ( 2 - 3 L r) 


2 4 


1 1 


A ww ; i(°) = -3 («h) - 3 ^M5 3 «« n (M 0 ) 

- 5 I 02# (M a ) - \ I i 03 of (M d ) 

^ gen x u X d * gen x u A d 

+ 5 L *? (M) + 1 (2 ^ - My I (.M ) 


A WW;2(0) = -^^Mf 4 B^(M,Mo) + ^-^ T P9B^(M,MH) 

- |rBS” p (0, M) + I £ 0 4 BS“ p (M u . Mi) + \ £ xf B? P (0. M) 


1 j' 


1 1 


A WW ;0^B) = — 3 ^2 a *W (1 — 6 Lr) + — -J dtp D (11 — 15Lr) 

— — |^2c 3 (!^wb + (3«tt>D — 4c 2 Qaa +4c~ a^ w )^j -^(2 — 3 Lr) 

+ [40sa^ wb + (4Pio^t()W +4Pn dtya + Pi4^o) ^—~J — 

+ T + 8 ^,(,w)Lr + t ^( 2 *f +Oo^w + 6 O 1 4 3 q ) )(2-3L R ) 

^ gen 

A ww; i (0) = — 3 E 2_ 2 w a o° {Mu) 


1 1 


2 “ *S --*d 


^E- 


x 2 


°3 a iq« a o" ( M <1) + ^ E *? "flw a 0° ( M 1) 


_ 6 ^<I>d +4M255CflAz 

5 2 1 1 

— (8tf<t> w — 2Pi2fl<t>D + P 13 #<!>□) ^^ 2 a t) n (M) 


1 X 2 

- o ( a lwD +4«4,d) 9 H «o n (Mh) 

J 1 

+ TT (8Mj7 s 2 a aa ~ 24 Mj 8 c 2 azz ~ M^q^d — 4M^3 sca^z) 9 2 ^o" C^o) 
12 s z c z 

a ww ;2 ( 0 ) = \ I Oq^qwBS; (Mu , Md) + I E-< 4 iw B o n p ( 0 . Ml) 

gen ° gen 

_ 3^ ^Mi9 5CAaz + ( — c 2 a^D +45 , 2 fl A A)j Bop (0, M) 

24 (^<t>wD + 4 ^ D ) ? ^-j-P 9 Bji n p (M,MH) 

1 s'^ 

+ — (16 s 2 — Mj4 a^D — 4 M 24 s^wa — 4 M 25 ccitywz) ^4 Bjp (M , Mo) 


n: 


'WW ;o(B) ^N g en(l 3 Lr) — — (2 + 57Lr) 


2 

n WW;l(°) = - ^TTY “O” ( MH ) + h i M28 ^ (M ° } 


I 3TT2 ( M u)+L -n “0 W) 

gen A u A d <J <‘ n A " 
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2 


^I>o n (M>)-n(39 + 


2 , B 16) 2 
X 2 m - 1 S 2 


<%(M) 


C ; 2(0) = ^ £ M^ 4 B£ ( M , Mo) + i P,5 B«£ ( M , Mh) 

^ i P9 B “" (M; Mh ) ^ ^ ? M27 B o”p ’ Mo) 

+ l. 2 BiS” p (0,M) + I i 2 B3”(0,M) 

+ 5 I Oi B? P (M u , M d ) + i £ A- 2 Bg; (0, M) 

- lI°4 B Os(^u,M d )--l£xfBS(0,M 1 ) 

gen gen 

^WW;o(0) = — gS^^AA (1 — 9Lr) — — Ngen^w (1 — 3 Lr) 

1 2 

+ To a ^ a (2 + 3Lr) + — (—cazz + 2sa AZ )c 
lo y 

+ ~ (-S--Pi9tf,|,w — 6M295Cfl ( ( )W B +3M3 0 fl(|)w) — 

O *H - 1 C L 

- t L( fl l 3 i )+3fl iq)( 1_3L R) + 5 Y<( 3:<2 d a dw-34 a u w + X\ # l w) Lr 

gen gen 

1 ^2 

^WW;lM““ 24 [^Pl7^W + (4o^n — A^d)J x 2 _ 2 fl o" (^h) 

— — |^4 M^ 5 s c a A z +4M3gS' 2 tfAA — (M^g^D — 12 M 34 «zz)c 2 j ^^ a^ 1 (Mo) 

— — |^12M3 6 c 2 azz — 4M3 7 5 2 «aa + 4 M 39 SC 0 AZ +M 4 0 fl ( | ) D 

5 2 1 1 

— (4 ^□ — 4 P 20 w — P 21 ^<|>d ) ^—-J 

1 x 1 

— J ^(2*4qw +3^d^dw — 3^«uw) 2 _ 2 a Q n (^ u ) 

Z gen X U ~ X d 

1 J 2 

+ — ^(2aj,q W +3xj«dw — 3xjfl u w) - 2 (^ d ) 

1 gen X u ~ X d 

— - + 3*? a\ w )aQ n (M\) 

gen 


<W;2(1) = I 0 4 4q W BS («u - M d) - ^ E^lwBS (0,M) 

^ gen 1Z gen 

+ — ^^c^aa — 4M32 5flAz — (M^^d + 12M^«zz)^j ^jBQp(M,Mo) 

+ J 2 |^4Pi8fl(|»w + (4fl<|>n — ^e<|>d)P 15 J ~—^B()p(^>^h) 

+ 6 j^Mjqi'CflAZ + ( — C 2 «(|)D+45' 2 flAA)j Bq"(0 ,M) 

4- — [m^scaaz +2(—c 2 ^ D + 4 s 2 0 A a)] Bop(0,M) 

- ^(«^+4a»D)^ T P9BS(Af,Afa) 


1 A 

— — ( 16 s 2 a §b — Mj 4 a§ D — 4 M^ 5 ^wa — 4 M^ ca^w z) ^4 Bo" (M> Mo) 

+ 7 E( a ^w+3-*dOlw)-«i B op(0,Mi) 

0 gen 

+ \ E(Oi4q^w — 30iA^a d w — 30ixJa uw )B^, (M u ,M d ) 

gen 
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E Appendix: Finite counterterms 


In this Appendix we present the list of finite counterterms for fields and parameters, as defined in Section 4.12. It 
should be understood that only the real part of the loop functions has to be included, i.e. Bq = Re Bo etc. 

d3f{ Z =~ [^4 + (3 + 128 c 2 )] i - 1 (1- 3L r ) Ngen 
+ i (6 — 7c 2 ) 4 -Lr + £(3.4+34+4)(2-3L R ) 

° C ~ ° gen 

+ 2 E( 2 — 4 + 4)*d a o” (Mb) + ~ E( 2 + 4 —4)4*$ (Mt) 

“ gen “ gen 

+ \'Li 2 ~4)44°(M x )-4- [c 2 .4 + (1 + 66c 2 )1 4 r «o"(^w) 

° gen L C 

~ (3 ~ 4 )- 4 «o n (M h ) + ^ (! - 19c 2 + 24s 2 c 2 ) E og" (M z ) 

-4i 2 Bg n (-M^;0,Mw) 

+ zl[ 2 -4+4)4] Bo” (—; 0, m4 

+ lH[ 2 -4-4-(4- 4) 2 ] B? (-Mi ; M t , M b ) 

Z gen L 

+ -i [l+48.r 2 c 4 + 4(4-29c 2 )c 2 ] EbJ)" (-M& ; M w , M z ) 

+ E [l2-(4^.4)4]Bi5”(^Mi,;M w ,M H ) 

diT^ = -^{-3^(l-vf)c 2 rf-9^(l-v5)c 2 4-9^(l-v 2 )c 2 x; 

gen gen gen 

+ 2 |97 — 12(11 — 3s 2 )s 2 ] s 2 }4r 

- -E( 19 - 18 s 2 )^L R + E [(9 !6c 2 ) + (v 2 + 3vj + 3v 2 )] 4 (1 - 3L R )N gen 

- 4 E [4 “ (1 “ 4)] 44° (Mi) 

AZ gen L 

+ T E F ( 1 v d) (4 — 4 )j 4 4 ° (Mb ) 

4 gen L 

+ T X. [( 1 — v 2) + C^d —^)] -Ai "o" (2Wt) 

gen 

+ ^ [c 4 4 + (1-18c 2 + 24i 2 c 2 )] 4 a f(M z ) 

- E {<^4 + |^1 +48.s 2 c 4 + 2(31 -40c 2 )c 2 J j -^ 4 ° (Mw) 

- ^ (3-4)4 4 ” (Mh) + ^ (3-c 2 4)4 4” (Mh) 

- 2, 2 B? (—Mi ; 0, Mw) - E 41 B i! n (~ M Z ; 0, o) 

+ 4 E [ 2 - (! +-4)4] Bg" (-Ml ; 0, M,) 

AZ gen L 

- 4E[( 1+v r)-2(2-vr)c 2 4] 

^ gen L C 

- ^L[(! + v d)-2(2-v 2 )c 2 4] E B g” (-Ml;M b ,M b ) 

5 gen L C 

- ^L[( 1 +4)-2(2-v 2 )c 2 4] E B «"(-M 2 ;M t ,M t ) 
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+ 7 1 [ 2 - •4 - 4 - (4 - •4) 2 ] B 0 n (-^W; m, , m„) 

gen L 

+ 1. [l + 48s 2 c 4 + 4(4 — 29c 2 )c 2 j ^ Bg” ; M w , M z ) 

+ ^ [!2 - ( 4 -4)4] Bf (-M 2 ,; M w , Mr) 

- ^{l+4[4-(17 + 12c 2 )c 2 ]f 2 }^Bj; n (-Ml;Mw,Mw) 

- 1 (12 - 4c 2 * 2 + c 4 4) 1 Bg" (-M 2 ; M H , M z ) 

diT' 4) = -1 5< 4) - | (1 — 3 Lr)N g e „ - 1 (2 + 57 Lr) 

2 

+ T I^[ 2 ~ g +( 1 ~- y d + 4)1 44” i M b) 

^ gen L *U J 

“ T -2 + [ 2 4 + 0 “4 + 4)4] } a 0° (Mt) 

4 gen 1 *u V d J 

- 77 £(1+4)44° (Ml) 

1Z gen 

+ Y\ [ 8— C 11 -^)]^«o n (^h) 

+ Y {l + [l6- (69 + ScV] c 2 } ^«g” (Mz) 

- Y\ {-74c 2 4 + 8-^* 2 c 2 +[l + (13-74c 2 )c 2 ] } ^“2 fl o”(Mw) 

- 2i 2 Bg n (—My/ ; 0, M W 1 

+ 17l[ 2 -( 1+ 4)4] Bf(-^;0,M) 

+ 7 L[ 2 -4 “4 - (4 -4) 2 ] Bg” (—A^w l Mt, M b ) 

gen 

+ ^ [l+48/ C 4 + 4(4-29c 2 )c 2 ] lBg“ (-M&;M w .M z ) 

+ ^ [ 12 - (4 - .v 2 )x 2 ] Bg“ (-M 2 ,; M W , M H ) 

- 77 I 4Bg; (°; 0, Mi) + 7* 2 Bg n P (0: 0, M W ) 

1Z gen J 

- lL(- A d+^) 2 Bg” p (0;M t ,M b ) 

gen 

+ ^(- 1 +4 )2 Bg n p( 0 lMw,MH) 

+ ^( 9 ” 8i2 )^ B gp( 0; Mw,M z ) 

d3f M H = 7{ 3 c 2 4-L[ 3 (-4+44 )4 + 3 (“4+44)4 

Z gen L 

+ (-4 +4.vf)dfj -j c 2 — (1+2c 2 )} 3 -Lr 

J x u J c 

4 (1+2c4) ?i (2 - 3LR) 

+ ^Bg“(-M 2 ;M H ,M H ) 

3 x 1 

- 7 K-4 +4.V 2 ) 4 Bg” (-Mg ; M b , M b ) 

Z gen % V 7 

- 7 K-4 +4.v 2 ) 4- Bg” (-M 2 ; M t , M t ) 

Z gen % ' 7 
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1 X 2 

- - E(-4 +4*?) 4 Bg" (-M2 ; Ml. Ml) 

+ I[l2-(4-4)4] 4Bg”(-M2;Mw,Mw) 

+ I (—4c 2 + c 4 4 + 12 4) ^ B? {-Ml ; M z , M z ) 

d 4i4 = g a ^w (1 -3L R )N gen 

— — [3c 2 fl^w D x^ +4(2 + 3x{})c 2 ^n +4(3 + \2%c^)a^ + 3(9 — 8)<2<j> dJ ^3 

+ — 120c 2 a^ a + 6 ^ c 2 aiw*f + 18 ^ c 2 fldw4 ~ 18 T"! C £?u w * u 
IZ gen gen gen 

+ 2 [3c 2 xjJ + (15 + 4c 2 )j — 3 (5 — 6s^)atyn ) Lr + — — c^wb (10— 3Lr) 

+ 6 I^[444 + 3(4+4)4qw] (2 —3L r )--^( 443a®)(l-3L R ) 

gen gen 

— \ L[ 3 aiw4-(2-4)4iw]4ao n ( M i) 

° gen L 

— — ^|”3«dW^d +3fl u W^u — (2 — * d + ^u) fl Jqwl -^d^o” (M>) 

Z gen L 

+ T IL W * d + ^ W *5 + (2 + X d - xJJ) fl^ w l xj ctQ n (M t ) 

Z gen L 

+ — [#^WD — 72 fifyw + 3 City d — 4 (3 — X H ) Clty\j j X^ Aq (M h ) 

+ — [—c 2 ^|, W d^ +40.s'Cfl ( | ) wB — 4(1 + 60 c 2 )« ( | ) w +4(2 — x^c 2 #^ — (21 — 205 12 )^ fl o n (^w) 
+ — [(1 — 13c 2 + 24s 2 c 2 )^ D +4(1 — 8 c 2 ),.,wa +4(11 — 32c 2 )c« ( j ) wzj ^4 ^o” z) 

+ ^ L[ 3 ( 1-;t d +; ^)^w4- 3 ( 1 +^-^) fl uw^ + (2-^-x^-(x2-x^) 2 )^ 3 q ) w l 

Z gen L J 

x Bq 11 (-M 2 , ; M t , M b ) 

+ JE{[ 2 -(! +4)4] 44 + 3(1 -4)a lw 4} B o n (-M* ; 0, Ml) 

+ — |^w D Xh +4 [l2 — (4 — Xy)x^J atya — 4(3 — x^)atyD + 16(9 — 4xc^)^ Bq 11 ;Mw ,Mh) 
+ — 1[l + 48s 2 c 4 +4(4 — 29c 2 )c 2 j aty d +44 [l — 2(1 +4c 2 )c 2 j c^wz 
+ 4 [l + 2 (3 - 20c 2 ) c 2 ] jfl*wA } -4 B o n (-Mw ; M w , M z ) 

— 2« ( j )WAD B() n ; 0, Mw) 

d ^ ) = ^?^ n(2 - 15LR ) 

+ {^wd —64c 2 a ( | ) w + [(l+4c 2 )v d + (3 + 4 c 2 )vi + (5 + 8c 2 )v u j aty D 

- 4 [(1 + 8c 2 )v d + (3 + 8 c 2 )vi + (5 + 16c 2 ) v u j -4 [(5- 8c 2 ) v d + (7- 8c 2 ) vi 
+ (13- 16c 2 ) v u j c^wz +64 [(vi +v d +2v u )j /c 2 ^ B } ^ (1 - 3L R )N g en 

+ — -| 3 c — 3 c ci^iJ d x H + 6 ^ c a^ w x? — 24 ^c vi — 72 ^c v d v X& 

gen gen gen 

- 72 E C 2 V u fl^uv4 + 12 E K 1 + 8c2 ) v d4 + (3 + 8c 2 )4 Vi + (5+ 16c 2 ) v u 4] sc 2 a $ WA 

gen gen L 

+ 12 ^ [(5 — 8 c 2 ) v d x d + (7 — 8c 2 )xf vi + (13 — 16c 2 ) v u xjj c 3 cz^wz + 18 ^(x d + x 2 )c 2 a|j, qW 

gen L gen 
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- 192 £(a? vi +v d .-tj + 2v u ^)rc 4 a^ B -8 [l + (31 + 36c 4 )c 2 ] s 2 a AA 

gen 

- 8 [ 17 + (43 + 36 (1 + c 2 ) c 2 ) c 2 ] s ca A z - 8 [l9 + 36 (1 - +) s 2 ] s 2 c 2 a zz 
~ [ 3 £(l+4c 2 )c 2 v d 4+3£(3 + 4c 2 )c 2 4vi 

gen gen 

+ 3 £(5 + 8c 2 )c 2 v u 4 -2(52- (149- 12(11 - 3 + ) 4)4)] c/ tD | -4 

gen C 

+ 77 X*+ 40 , 1,1 A + 4 o^iv Vi + 12o^dA + 12o^, uA + 12vdo<|>dv + 12v u ^ uV 

/Z gen L 

- 16c 2 - 48c 2 a£q - 24c 2 a^i xf - 72c 2 4 + 72 c 2 a$ u x^+24c 2 a* 1 ,' xf 

+ 72(4-4) c2 4q+ 3 ( 3;c d + 3 ;t u +A d) c 2 a tD] 4 (1 — 3L r ) 

+ 2 |l2c 2 a^ w -4 ^ 12 ^cai BW xf vi -36^cv d a dBW 4 +36^cv u a uB w4 

0 gen gen gen 

+ 12 c 2 ai w a 2 + 36 ^ c 2 a dw 4 - 36 c 2 a uW 4 -4 |^7 + 4(14 + 3c 2 )c 2 J sca AZ 

gen gen gen 

- 4 |^19 -4(8 - 34)4] s 2 a AA -4 |^3c 2 4 + (31 — 4(1 +34)4)4] a zz 

- |9c 2 4 + (25+4(4-94)4)] a^ D } ^L R 

+ X- ^|- 8 a^iv V! -6a ]w 4 - 8 flqi + 8 C* 1 ,' -64i 2 c 2 a ()) B V! + ["l - (3 + 4c 2 ) vJ a^ D 
+ 2(l-xf)o^ ) w +4(3 + 8c 2 ) 1 yo^ ) wA vi+4(7-8c 2 )co^,wzVi}^Oo n (M) 

+ 24 — 18«dw^d — — 24o^,d +24o^q — 24 Vdo^dv — 64s 2 c 2 Vd a§ B 

+ [3 - (1 +4c 2 ) Vd] flqD +6(1 — x d + 4)°tq W + 4 (1 + 8c - )iv d a^, WA 

+ 4(5-8c 2 )cv d a 4 ,wz}4 a o° ( M b) 

- — —18 a dw 4 — 18a u w4 — 24aq u + 24a)q +24v u uV + 128+ c 2 v u a^ B 

- |^3 — (5 + 8 c 2 ) v u ] a^D — 6 (1 +4 — 4) a Jqw — 4 (5 + 16c 2 )sv u c^wa 

- 4(13- 16c 2 )cv u aqwz]44” ( M t) 

+ — l^ow:]4 — 723 a Q o 4(3 -+)c 0 hJ .v B a tj (Mj i ) 

+ |^12a^D — c 2 4wd 4 + 12sca A z + 12+ a AA +4(3 — c 2 xg )«<(,□ + 12 (5 + c 2 )a z z] -*5 4° (^h ) 

- X^ {c 2 4wd4 +4 [ll + 8(8 + 3 (l+2c 2 )c 2 )c 2 j sca AZ 

+ 4 |]l5 + 4(7 — 6(5 — 2c 2 )c 2 )c 2 ] c 2 a z z +4 ^61 — 12(11 — 2(5 — 24)4)4] s 2 a AA 

- |)>3 — 16(12—(11 — 34)4)4] a<) D — 4(2 — ,v B )c 2 a^n] 4° ( M w) 

+ 2 |c 4 4w D 4 + 4 [ 8 - (31 -244)4] s 2 a AA +4 [ll - (41-24c 2 )c 2 | sca AZ 
+ 4 |^12 — (65 -24c 2 )c 2 ] c 2 a zz + (1 - 15c 2 + 24s 2 c 2 )a^ D -4(2- c 2 x^)c 2 a^ 4-4° ( M z) 

+ 7 L[ 3 ( 1 -4+4) a dw4-3(i+4-4)«uw4 + (2-4 -4 -(4-4) 2 )4q W ] 

gen 

x Bq” (-M 2 ,; Mi , M b ) 

- 2 ^{l2cai BW 4vi+ [(3 + 4c 2 )+2(3 + 4c 2 )c 2 xf] a tD vi 

- 4 [(3 +8c 2 ) +2(3 + 8c 2 )c 2 4] J^wa v i -4 [(7- 8c 2 )+ 2(7 - 8c 2 )c 2 * 2 ] ca tw z vi 
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+ (l-4c 2 ^)a* w ) D + 8(l-4c 2 ^)a,|,iA + 8(l + 2c 2 ^)a t ivVi 
+ 64 (1 + 2c 2 .rf) s 2 c 2 v i} 4 B o“ (~ M z ; M , m) 

- 2 l{36cv d a dBW ^d+ f(l+4c 2 ) + 2(l+4c 2 )c 2 + v d a<> D -4 [(1+ 8 c 2 ) 

5 gen 

+ 2(l + 8c 2 )c+J jv d a,wA -4 [(5 - 8c 2 )+ 2(5 - 8 c 2 )c 2 xjJ cv d a<^ wz +3 (1 - 4c 2 + + v ) D 
+ 24(1 — 4c 2 j^)^ ( ( ) d A +24(1 + 2c 2 ^)vd^dv +64(1 + 2 c 2 cP~ v d a tyB ^ 

X Bj(-Ml;Mb,M b ) 

+ 2 ^j36cv u a uB \+ - [(5 + 8c 2 ) + 2(5 + 8c 2 )c 2 *;(| v u a<^ D +4 [(5 + 16c 2 ) 

+ 2(5+ 16c 2 ) c+J sv u a^ WA +4 [(13- 16c 2 )+ 2 (13- 16c 2 ) c+J cv u a^ wz 

- 3(1 — 4c 2 ^+ w ) d -24(1 -4c 2 x^)a^ uA -24(1 + 2c 2 *l) v u ^ uV - 128(1 + 2c 2 xJ)i 2 c 2 v u a^ B } 4 
x Bj) n (-Ml;M t ,M t ) 

+ p L{[ 2 “( 1 +- t i 2 ) x r] +w +3(1 -xf)aiw*? | B}f (—Mw; 0, 

- 4 I(4wd +4«*v) 4Bf (-M 2 ; 0, o) 

gen 

- ^ [48(2-c 2 4)«zz + (12-4c 2 .4+c 4 4)4wd+ 4 (12 —4c 2 j 2 +c 4 4)^n] jr 
X Bjj" (-Ml ;M h ,M z ) 

+ 2 +4 [l2 — (4 — a <f D — 4 (3 — + 16 (9 — 4.rl) a<j, w ) Bq” (-M^;M w ,M h ) 

+ — { + 48^ 2 c 4 + 4(4 — 29c“)c 2 j + 44 [ 1 — 2(1 +4c“)c“J cct^wz 

+ 4 [l +2(3 - 20 c 2 )c 2 ] s^wa} ^ B{j n (-M&; M w , M z ) 

- 2 { [i +4(4- (17+ 12 c 2 )c 2 )c 2 ] + 12 [ 5+ 4(6+ (3+ 4c 2 )c 2 )c 2 ] sca AZ 

+ 12 [7 - 4(5 + (9 - 4c 2 ) c 2 ) c 2 ] c 2 a zz + 4 [33 - 4(29 - 3 (11 - 4.r) sr) r] s 2 a AA } 4 
X Bg" (-Ml; M w . M w ) 

- ce^wad Bq” (—Mw ; 0, Mw) 

(6) 1 9 0 1 

diTg =— — (c a Z z ~ 2sca AZ +s a AA ) + — a^u (2 + 3Lr) 

- g tyw (1 — 3LR)N g en — - ^(«^+ 3^) (1 — 3 Lr) 

+ Y2 [3 c 2 w *h + 3 ^ c 2 a iw*[ +9 c 2 a dw .cl — 9 c 2 a uV + + (9 — 38c 2 )ica AZ 

“ gen gen gen 

+ (15 — 32c 2 )c 2 a zz — (29 — 32i 2 )i 2 a AA J 4 L R 

- 4 L [ 3 a i w *? + ( 1 + *?) +w] + 2 a o° ( M i) 

Z gen L 

+ 7 L[ 3 ( 1_ 4 ++«dw* d -3(1+4-^)a uw -^ + (2-4 ~4 - (.4 “^f+qwl 

gen L 

x Bq” (—Mw ; M t , Mb) 

1 jf 2 

- TLi 3a dw^ d +3a uW .cl-[2 , d , +(l-^+xl)l+ ) w }-^Qg n (M b ) 

4 gen 1 L X \1 ~ A d J ’ 
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1 X 4 

+ lL{ 3a <iw*i;x5+3a u w4-| 2 2 ~ 5 + ( 2 4 + ( 1 - 4 + 4) 4 )1 «iqw } 4” ( M t) 

^ gen ^ L X u X d J J 

2 

+ |-104a^ w + lla^ D +4 |^8 -g ” - — (U— -4)] + (1 + 8 -g — j )4 wd-4} 4 4° ( m h) 

- { [l + (27- 88c 2 )c 2 J -4 [ 4 + (3- 8r)s 2 J s 2 a AA +4 [ll - 3(17- 4 c 2 )c 2 J sca AZ 

4 

+ 4 |^21 — (89 — 8 c 2 )c 2 J c 2 azz +4 |^8 —- — (11 + 74)J s 2 c 2 a§n 

x 2 1 

~ (7-8^—j-)'S 2 c 2 aJ,w ) D'4}^2«o n (' M w) 

+ | [l + (16- (69 + 8 c 2 )c 2 )c 2 J a^o -4 |4 — (3 + 2s 2 )s 2 J s 2 a AA + 12 |^7 — (25 + 2 c 2 )c 2 J c 2 a zz 

+ 4 [ll- (41 -2(2 -c 2 )c 2 )c 2 J ica AZ } ^4 4"( M z) 

+ 77 [““ (1 +- 1 1 J-’q] "j)lw + 3(1 —4) a lw4} K (-% ; 0, Mf] 

gen 

+ {4wd4 + 4 [i2- (4-4)4] a^n -4(3-4)a+ D +16(9-44)aqw}Bo“ ;M W ,M H ) 

+ { [l + 48s 2 c 4 + 4(4-29c 2 )c 2 ] a^ D +44 |]l - 2(1 +4r 2 )c 2 J ca^wz 

+ 4 [l + 2(3 - 20c 2 )c 2 ] s^ W a } ^ Bg n (-M& ; M w , M z ) 

- ^0 wad Bq” ^ - - A/^ v ; 0, A7\v j 

- Jl(-^+^) 2 4qwB^(0;M t ,M b ) 

gen 

AZ gen 

+ ^ [-c 2 tf tD + 4.s 2 a AA + (2-c 2 )ica AZ J Bq” ( 0; 0, Mw) 

+ ^g (-*4 “ l) 2 ( a qwD + 4a qn)B(jp (0;M W .M H ) 

- ^ |l6i 2 c 4 ap B — 4 |^7 — 2 (4 — s 2 )s 2 ] sa^ WA -4 ^9-2(1 +i 2 )i 2 J ca^ wz 

i s 4 

- (O-S+V^J^B^Mw.Mz) 

= 4ap w 

- — |^4(lH-2r 4 ) — a,j,n + 4(l + 10c 4 ) — a,j, w + (3 — 2c 4 ) — qtp D +4(—c"+4 — )a Z zj ^4 (2 — 3Lr) 

9 2 2 

+ 11192 -4 £ c 2 a d p4 - 192 -4 Y c 2 0 u(t ,4 + 64 4- Y 

° ^ *H gen X H gen X H gen 

- 2£[3(-4+ 4 4)4+3(-4+ 4 4)4 + (-4+ 4 4)4] -^c 2 a { ^ D 

gen L J *H 

- 8^(annJq +3a d+n ^-3a u<>n ^)c 2 -24hlc 2 + (l + 2c 2 ) -4] ^ + 8 [3c 2 4 - (1 + 8c 2 )] w 

gen L X U J L J 

+ 8 [lie 2 4 -4^(3* d +3.c 4 + 4) 4- c 2 - (1 + 2c 2 )] a$ n 

L gen *H J 

- [21c 2 .4 + (5-4c 2 )| apcj 4 l R 

'2 2 ^.2 

-12 4- Y +i+4 4” ( M b) +12 -4 Y +^4 4° ( M 0 - 4 -4" Y a Lq4 a o n ( M 0 

■*H gen -% gen "^H gen 

- o ~2 Uzz — 8 — c 2 «,(, + (— c 2 + 4 — )« ( | )D j — (Mz) 
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+ 6(—2*3(1)w -\-a§) — tfo" (^w) + 77 (7<2<j>D*H — 28^(|,n^ + 120 ^)^q" (^h) 
x H o 

3 r x 2 

- ^ ^{“ 4 [(“*h + 4 *d) fl d<t>n] + (—*h + 4 ^)^wd} J" B ^ n ( _ ^H ;M>, M b ) 

3 X 2 

4 E{ 4 [( _x S+ 4 ^)^u^nj +(--4+ 4 ^)^wd} ^- B o" (— >M t ,M t j 

1 *2 
“ J L {~ 4 [(-*h + 4 ^)«4d] + (-4 + 4 *?)< 4 wd } ^ B 0 n (~ M h J M \. M) 

+ T 7 [(—4c 2 +c 4 x^ + 12 — )*4 wd + 4 ( —4 ^ 2 + c 4 -*h + 12 — ) dtyn +48(—c 2 +2 — )flzzl — 

lO L Xpj Xj| Xpj -I C 

X Bg n (-Ma;Mz,Mz) 

+ 5 Kwd4+ 4 [i 2-(4-4)41 3-^dr“ 4 (3-4)3«* D + 16 ( 9 - 4 4)3-^w} 

O'- L J Xpp Xpp Xpj ' 

X B§"(-Mg;M w ,M w ) 

- 2 (-4 a<l w4 + 3apD-4 - 12a<^ n .4 + 32a (|) )Bj; n ; Mh , Mh) 

F Appendix: Wave-function factors 

In this Appendix we present the full list of wave-function renormalization factors for H,Z and W fields. For the W 
factor we present only the IR finite part. 

wL 4) = [-^(3.4 + 34+ 4 )c 2 + (1 + 2 c 2 )1 2 l r 

Z gen C 

+ 2 2 4 B o” (“Mg ; M b , M b ) + - £ 4 Bo” (-A^h ; M t , M t ) 

gen gen 

+ \ L 4 B o" (-Mg ; M,, M,) - i 4 B o” (- m h ; M z , Mz) 

Z gen C 

- Bq” (-Mg ; Mw , Mw) + ^-4 B<5" p (-M 2 ; M H , M H ) 

- | E(-4 + 4 4)4 B op (-Mg ;M b . A#b) 

gen 

- |l(-4+ 4 4)4Bo;(^;M t ,M t ) 

gen 

- J I(-4++4)4 B S n p (-^h ; Mi , Mi) 

gen 

+ I[l2-(4-4)4] BfS" p (-M 2 ;M w .Mw) 

+ I (12 - 4r 2 4 +c 4 4) 2 Bq” (-M 2 ; M z . M z ) 

Wz 4) = i(l- 2 c 2 ) 2 _^ ^(9 + v 2 + 3v 2 +3v 2 )] 2(i_3L R )N g en 

+ i(l- 20 c 2 + 18i 2 c 2 )2 LR 
6 c L 

+ 2(1-c 2 4)4«o” (Mh) - 2 (1 - c 2 x 2 ) 2 fl «» (Mz) 

+ ^ E [(! +vf)] 2 B|; n (-M 2 ; M,, M,) 

+ ^I b o”(-m1;o,o) 

U L gen 
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+ \ 52 [(! +4)] 4 B o“ (-^1; M b , M b ) 

+ (i - 4 °c 2 + 36s 2 c 2 ) 4 Bg” (-M|; M W , M W ) 

+ ^»(-^;o,o) 

gen 

+ 4 I [O +4) - 2(2 ■- vjV4] 1 BS" p {-Ml ; M,, M,) 

+ !l[( 1 +' r d)- 2 ( 2 - v i)^l 4 B o”p (-«l ; M b ,M b ) 

gen L C 

+ J I [(! +4) ~ 2 (2-'v 2 ) c 2 .^] 1 B«” p {—Ml ; M t , M t ) 

+ 4 { 1 + 4 [ 4 - ( 17 + 12c2 ) c2 ] f2 } ^ B o”p (“ M z ; Mw ’ Mw ) 

+ 4(2-c 2 ^)x5B|;"(-M|;Mh,Mz) 

+ -i (12-4C 2 * 2 +c 4 xi) l B |jJ {-Ml ;M H ,M z ) 

W w=-J( 1 -36s 2 )-4L R -^(l-3L R )N gen 

+ 7 52 4 4” (3^1) + “ 52(4 - 4 ) *d 4” (M b ) 

gen gen 

- \ 52(4 “4)44” (M t ) + 4 |c 2 x 2 +(1 -2c 2 )l 44” (Mw) 

Z gen 1Z C 

+ 4 (! -4)44” (Mh) - 4 (9- 8r) 44” (Afe) 

-4s 2 Bg n (-A4;0,M w ) 

+ -j-£(2 + x 4 )Bg”(-M 2 ,;0,M 1 ) 

gen 

+ 7 52(2+ (-*5 “4) 2 ) B o” {-Mh\M t , Mb'] 

Z gen V 7 

- 4 [l-48s 2 c 4 + 2(3 + 16c 2 )c 2 ] 4 Bg n (-M& ; M w , M z ) 

+ 4 Bg" (-M 2 ,; M W . M H ) 

+ zL[ 2 -( 1+ 4)4] Bj|j(-<;0,M) 

+ \ E(2■-4 -4 - (4 -4) 2 ) BS”p (-M 2 ,; M,, Mb) 

gen 

+ 4 [l + 48s 2 c 4 + 4(4 — 29c 2 )c 2 J 4 BS” P (-M& ; M w , M z ) 

+ 4 [l2 - (4--v 2 )x 2 ] Bg” p (-M 2 ,; M W , M H ) 

w[j * = 4«p w + -j a zz (2 — 3 Lr ) 

- 7 {“2 52(34+3-4 +4) C fl (|lWD + 8 52( fl M>n4 + 3ad4>n*d ~ 3a u(t ,nxJ)c 2 

° gen gen 

+ |^5c 2 ^ + (1 — 4c 2 )J — 4 |^7 c 2 — 2(1 + 2c 2 )J a^n + 8(1 + 8c 2 ) | Lr 

+ g ^2 fl o" (M Z ) + g (fl<|)D — 4a ( | )n )xH ^o" (-Mh) 

+ 2 52 [4wd +4flu*n] x 2 Bq” (-Mg ; M t , M t ) + ^ 52[4 »d - 4ad+n] 4 B o” (-Mg ; M b , M b 
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+ 7 E Rwd - 4«1 J 4 K (~Mh ; Mi , M,) 

^ gen L 

— — 1 24azz + 8 tf<|,w — c 2 #<|)D*h +4(2 — c 2 *^) Bq" M^ ; Mz , Mz) 

— 4 [ 32 fl <l>w — (2 — Xu)a§ D +4(2 —Bjj 11 M^ ; M\y , M\v) 

— | (^ D - 4^ n )x 2 Bg n (-M^ ; M h , M h ) 

— t 1L{ — ^ [(“*h +4^d)«d<i)nj + (—■ x u +4^d)^ W o}-^Bop (—M^ ; Mb , Mb) 

gen 

— T £{ 4 [(-4 +4x5)a ut n] + (-.4 + 4 4)+vd}4 Bo” P (--*4 ;M , M t ) 

— j £{-4 [(—4+ 4 4) a Hn] + ( _x h + 4xf)4w D }4 B 0p ,M\\ 

+ -j^ [^48 (2 — c 2 4) fl zz + (12 —4c 2 4 + c4 4) a JwD + 4(12 —4c 2 4 + c 4 4) «()>□] pr 

X BS n p (~Mft;Mz,M z ) 

+ g { a J,wD x H + 4 |^12 — (4 —4)4j a <l>n — 4 (3 — .vj) a pD + 16 (9 — 4xg)ap w j BjJ” : Mw , Mwj 

— — (~4op w 4 +3ap D -<7[ ~ 12«pn4 + 32a p ) jj B{j” Mg ; Mh . Mh^ 


W z 6) = -j^+*n(2 + 3L R ) 


- q X>*v +Qi(i 1 a +apiv vi + 3«pdA +3«p uA + 3 Vd apdv + 3 v u a puV ) — (1 — 3 Lr) 

~ {^ a iwD + k + 4c 2 ) Vd + (3 + 4c 2 ) vi + (5 + 8c 2 ) v u j a^ D 

- 4 |y + 8c 2 )v d + (3 + 8 c 2 )vi + (5 + 16c 2 ) v u j sd #W A 

- 4 |4 — 8c 2 ) v d + (7 — 8c 2 ) vj + (13 — 16c 2 ) v u J capwz 
+ 64 [(vi + v d + 2 v u ) j i 2 c 2 a t B } k (1 - 3 Lr ) Ngen 

- J2 {-6E<:' a lBw4 V l - 18 E CV d«dBw4 + 18 E CV U«UBw4 

gen gen gen 

- 8 |4 + 3(2 + c 2 )c 2 J sca AZ —2 ^3c 2 xJ + (15 + 4(7—3(6 —c 2 )c 2 )c 2 )J a z z 

- (1 — 20c 2 + 18^ 2 c 2 )<3<t, D +4(5 — 6s 4 )s 2 a AA ^ -2-Lr 
+ — [—*4c 2 a zz + Ssca AZ +4^ 2 a AA + (1 — 2c 2 )a ( | ) Dj 

+ ^ ^<|>d — &ca§w Z ~ + 4sa § WA — 12s 2 +4(1 — c 2 *J) dtynj x\ aQ 1 (Mr) 

- — + ^c^wz — c2 ^wd- 4 +45fl ( [ ) wA + 12s 2 +4(1 — c 2 *h)<z<|,dJ ^"^"(Mz) 

- (c 2 a ^ w +sca<t wb +5 2 ^b)«o" (Mw) 

+ 94 52 Kwd + 8^(|,ia +8<2 ( | ) iv vj + 12 co 1B w^vi +64s 2 c 2 a§ B vj + (3 + 4 c 2 )« ( j )D vi 

gen L 

- 4(3 + 8c 2 ) 1 s , fl ( | ) wA vi — 4(7— 8c 2 )ca^,wz v ij Bq 11 M^ ; M \, Mi) 

+ ^ L[ 3 4wD+ 24 ^dA + 24v d ^ dv +36cv d « dBW ^+645 2 c 2 v d ^ B +(l+4c 2 )v d fl ())D 

gen L 

- 4(l + 8c 2 )s , v d fl^wA —4(5 — 8c 2 )cv d a^wzj ^3 B(j n (-M|;M b ,M b ) 

+ 24 52 [ 3<j £wd 4-24a^ uA + 24v u ^ u v — 36cv u o u bw^2 + 128 s 2 c 2 v u a§ B + (5 + 8c 2 ) v u a§ D 

gen L 

- 4(5 + 16c 2 )5v u ^wa —4(13— 16c 2 )cv u ^ wz j ^ B o n (-M|;M t ,M t ) 
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+ "FT E( a lwD + 4 ««>v) — Bq" (-Mg ; 0, o) 

gen C \ / 

+ 2^ [48a Z z + (2-c 2 ^)c 2 aJ+ ) D ^+4(2-c 2 ^)c 2 a^ n 4] A- Bg n (-M| ; M H , M z ) 

+ ^ {12 (5 + 4(3-c 2 )c 2 J sca AZ + 12(7 —4(4 +c 2 )c 2 j c 2 a zz 

- 4 (35 - 12(4-i 2 )i 2 J .s 2 o A a + (1 -40c 2 + 36i 2 c 2 )a <)D | Bq" (-Mg ; Mw , Mwj 
+ ^(l2cai BW xfvi+ ((3 + 4c 2 )+2(3 + 4c 2 )c 2 4l a* D vi 

gen 1 

- 4 ((3 + 8 c 2 ) + 2(3 + 8 c 2 )c 2 xf] sa$ WA vi -4 ((7- Sc 2 ,rp) + 2(7- 8 c 2 )c 2 xf] ca^wz vi 
+ (l-4c 2 xf)a^ w ) D +8(1 -4c 2 jr 2 )a^iA + 8(l+2c 2 xf)^iv vi 

+ 64 (1 + 2c 2 x?)/ c 2 a^ B vi} ^ Bj£ (-Mg ; M,, Mi) 

+ -(7 £{36cv d ad BW *d+ [(1+4 c 2 ) + 2(1+4c 2 )c 2 ^1 v d a^ D 

gen ^ 

- 4 ((1 + 8 c 2 ) + 2(1 + 8 c 2 )c 2 xsJ sv d fi^ WA —4 ((5 — 8c 2 ,rp) + 2(5 — 8c 2 )c 2 4j cv d a twz 
+ 3(l-4c 2 .^)a‘, w ) D + 24(l-4c 2 .-^)a (fd A + 24(l+2c 2 ^)v d ^ dv 

+ 64(l+2c 2 4)s 2 c 2 v d a tB } (-Mg;M b ,M b ) 

- ^7 £{36cv u a UB w4 - ((5 + 8 c 2 ) + 2(5 + 8c 2 )c 2 4l v u a<^ D 

+ 4 ((5 + 16c“) + 2 (5 + 16c“) c“4j s v u cf^wA + 4 ((13 — 16c“) + 2 (13 — 16c“)c 2 * 2 J cv u fl^wz 

- 3(l-4c 2 .^)a|, w ) D -24(1 -4c 2 xJ)a <fuA -24(1+2c 2 x 2 )v u a^ uV 

- 128 (1 + 2c 2 4)s 2 c 2 v u ^ B|; n p (-Ml; M t , M t ) 

+ 7+ E(«U + 4fl 1>v) -4 Bq” (-Mg ; 0 , 0) 

gen 

+ 7 ^ [ 4 8 ( 2 -c 2 ^)a zz + (12-4c 2 4+c 4 4)4wD+ 4 ( 12 - 4c2 4+< ;4 4)«4.n] ^ 

X B<” (-M 2 ;M H ,M Z ) 

+ { (l +4(4- (17+ 12c 2 )c 2 )c 2 J a^ D + 12 ( 5 + 4(6 + (3+ 4c 2 )c 2 )c 2 J sca AZ 

+ 12 (7-4(5 + (9-4c 2 )c 2 )c 2 j c 2 a zz + 4 (33-4(29-3(11 — 4s 2 )s 2 )s 2 J i 2 a AA | — 

X Bg° (—Mg ; Mw , M\v) 

< = ~g(3 a + 3 qw + a ^w)( 1_2LR )Ngen4 i 'Yga^n(2+3L R ) 

+ i [3c 2 a t w-4 + 3 E 6,2a iw+ 9 E c 2a dw4 - 9 E f2 °»W4 + (9 - 38c 2 )sca A z 

gen gen gen 

+ (15 — 32 c 2 )c 2 a zz — (29 — 32i 2 )i 2 a AA J JjLr 

- ^ (9c 2 cf,(, D — 39sca§yjB +6i- a AA + (1 — 42,? 2 ) cf^wj 

+ zE^lw^M 

U gen 

+ \ E (4 - 4) «iqw ■4 a o ) 

gen 

- \ E(4 -4)4qw 4 4” (m) 

gen 

- 24 [4wd a h + 8a qw +a tD -4(1 -4)«*n] -4 a o n ( m h) 
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+ ^ -4(1 --4)c 2 04,0 + (l + 8 c 2 )a t D + 4(5 - 14c 2 )sca AZ 

+ 4(9- 16c 2 )c 2 a zz -4(15- 16s 2 )s 2 a AA J -rOo” (Mw) 

+ - 52 [3 a iw-rf + (2+xf)a^ w J Bq” ^-Mw; 0, Mij 

gen 

+ - [^^dw-^ - 3a uW ^ + (2+ (x^ — *d) 2 )aJqV] Bq” (-Mw ; M,, M b ^) 

gen 

+ 24 [ 48 a^w + (2 —XH) a iwD-*H + 4 ( 2 -xJ)a^n-v„j Bq" (-Mw ; Mw , Mh) 

- ^ { [i -48 x 2 c 4 +2(3+ 16c 2 ) c+J a^ D +4 |^1 +2(1 -4 c 4 )c 2 J m,,w A 

+ 4[5-2(5-2(9 + 2c 2 )c 2 )c 2 ]ca <f wz + 16(3-4i 2 )rc 4 a^}^ r B|j n (-Mi,;Mw,Mz) 

- 2a<^ WA D B{” (—Mw; O.Mwj 

+ \ L [ 3 ^~4 +-^)«dw-x^ -3(1 +xj-4)a u w4 + (2~4 ~4 - (4 -*d) 2 )4qwl 

Z gen L 

X Bg"(-Mw;M t .M b ) 

+ - 52{ [ 2 - (1 +4 )*r] a Jiw +3(1 —xi)aiv/4\ B{J“ (—My/ 

- |^12 (3 — 2c 2 )c 2 a Z z +4 (3 — 2s 2 )s 2 a A A +4(5 - 12c 4 )sca AZ + (9- 8r)r a tD J ^-ao” (M z ) 

+ ^ { a iwD A H +4 [l2 - (4 -xj)xhJ a$n — 4(3 —x4)a tD + 16(9- 4*4)a,|, w j Bq“ (—My /; Mw , Mh) 
+ —||^1+48 1 s 2 c 4 +4(4 — 29c 2 )c 2 J dr^ D +44^1 — 2(1+4 c 2 )c“J crt^ wz 
+ 4 [l + 2 (3 - 20c 2 )c 2 ] sa^ A } ^ Bg” (-M^; M w , M z ) 


G Appendix: Mixing of Wilson coefficients 


In this Appendix we present the entries of the mixing matrix, Eq.(136), that can be derived from the renormalization 
of H —> VV. 


G.l Notations 

First we define 


R 


Rg = 1 + 2 c 2 Rf = 7-12c 2 R, — 23— 12c 2 
R“ — 13 —9c 2 — 1 — 12c 2 R“ = 7 + 6c 2 

R“ = 77 + 48c 2 R” — 5 — 12c 2 Rg — 11 — 4c 2 
Rg — 5 + 48c 2 


Rq = 1 + 6 s 2 
R| = 1-e 2 
Rg — 65 — 6R 2 c 2 
Rg — 11 — 9s 2 
R'( 2 = 31-8 R!|c 2 
r 15 = 77 - 12R“ c 2 
R'( 8 = 35 + 3R?c 2 
R 21 —7 — 78c 2 


R'; = i-i 2 
Rj = 13- 18 Rq c 2 
R* = 9-4s 2 
Rio — 2 — c 2 
R'| 3 = 7-8c 4 
R?6 — 79 —4 RqC 2 
R'(g = 107 —32R 8 c 2 


R| = 11 — 12s 2 
R* = 41 + 6R?c 2 
Rg — 7 — 6 s 2 
Rjj =43- 18s 2 
Rj4 — 179 + 16R q c 2 
R? 7 = 7 c 2 + 3 s 2 
R 20 — 267 — 4RgC 2 
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R£, — 1 + 2c 2 — 4Rq s 2 c 2 

R5 =7 + 6R G 2 

R£ = 3-4r|c 2 

R5 = 11 — R| c 2 

Rf 2 = l + 8R*i 2 

R^g = 1 -4s 2 

Rf g = 117 — 4R 71 s 2 


Rt, = l + 8c' 
R5 4 = 1 - 7 c 
r ; 7 = 3-r' 
R5 0 = 13-R' 
R5 3 = 2 + c 2 
R5 6 = 55-R; 


14 L 


Rf = 3-4Rjs 2 

R 4 — 9 — 16c 2 

R5 = 17 + 2R4 c 2 

Rf 0 = l+Rtc 2 

RJ 3 — 5 + 5c 2 — 12RgS 2 c 2 

R 36 = 19 — 8 R 9 s 2 

RJ, = l+4s 2 

R5 2 = 1 + e 2 

Rt 5 = 5 - 11 e 2 

R? g = 27 —48c 2 + 128s 4 

R5, — 58 + R ^ 6 c 2 

R« = 14-Rj 8 c 2 

R 3 7 = 7 — 2 R 21 c 2 


r; = 1 - 2 s 2 

R 3 — 4 — 3s 2 
Rg — 1 — 2c 2 
R 31 — 91 — 18R 2 s 2 
Rf 4 = 27 +128 s 2 c 2 
Rf 7 = l-Rf 0 c 2 

R 2 o = 1 1 ^ / |3 < ' 2 

R$ 3 =3-5c 2 
R 26 = 1 + R? 3 c 2 
R5 9 = 9 + 8c 4 
R 32 = 3c 2 +RJ 7 s 2 
R§ 5 = 54 + R* 9 c 2 


So = 3^ + 3+; +X[ Si=5.V^+4~ S 2=^+Jf 2 

S 3 = ,tj + 5.v 2 S 4 = 3.vJ + 3-vJJ +.V ] 1 


With their help we derive the relevant elements of the mixing matrix. 


G.2 Mixing matrix 


dZi 1 — — i‘N g en + - (Rf) +Ri C"X^) 
dT^-, = — (6 — x^)s 2 c 2 

<3 = - ^ ( v gen + K) j- c Ngen - ^ (6R$ c 2 .* 2 + R 3 ) ^ 
dZ^y — (c 2 x^ — 2Rg) 1 y 2 

^ Z 2^2 — J 2 + v gen) N gen + ^ (3 R-6 + R 7) ^2 

dZ 2,3 = ^ (Vgen + 8i 2 Vgen + K ) ^Ngen - ^ (6R^i 2 c 1 r 2 -R^) 
dZ h = 4( v ge ) n + 8 " 2 4 2 en + R 4)^: N g en-g(6R^ 2 c 2 4 2| +R5o)^: 
dZ 3,2 = ( v gen + R 4) ~ N gen + g (6Rl c - xg — Rij) - 

dz Z = 2 (3 Vge n + Rf 4 ) X N gen + ^ (3 Rf 2 c 2 4 + 2 R' l3 ) 1 

rfZ 4 1 = — i“N gen - - (3Ri 5 c 2 r5 — R^) 

dZ 42 = Ri 7 Ngen + g (3R1 5 C 2 4 -Rfg) ^2 
dZ Z = 77 N gvn + ^ (3 Rl, ^ c 2 4 - R 20 ) ^ 

< 4 = , 5 ^So + — (9c 2 4 + 7R2i) ~2 

Z gen 1Z C 
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w _ 10 s 2 

dZ 4,5- 3 c 2 


^!6 = -5l^+3 ? Rl2Ng 


<n = -L 


2 1 


1 3 ^2 R 23 N gen 


dZ 7,lS “ 3 N gen - £ ■*? 

J gen 


^ Z 4,19 — ‘ ^ ^2 R 22 Ngen ~ 3 ^ S i 


2 1 


^ Z 4,20 — — o 72 R 24 N gen - 3 ^ S2 

^ gen 

<fZ^ 21 =2-^2Ngen-3 £S 3 


2 1 


dZ 4,22 — 3 ^2 R 25 Ngen 3 ^ S2 


dZ 5,i — — — (3i’gen +24i 2 Vgen + R 2 s)Ngen + ^ (12s 2 c 6 .v„ - 9R 26 <Txg - R 27 ) -y 
dZ 5,2 ~ — ~ (2vgJ n — 9r - c Vgg n x H +2R 29 ) -y Ngen 


24 ' g en 

^ ( R 30C 2 ^h +R 31 3“ 3 R32 -3*h ) 
i^(2S 0 + Soc 2 4-4S 4 c 2 ) 


dz Z = T 77 ( 3 c 2 Vge n 3 ^ + 3R 4 c 2 .r| — 3 R 3 3 Vge n — 24R33 j 2 v™ — R 35 ) 2 N , 


144 1'"' g en 
+ Y a (6R|i 2 c 4 4 +2R5 4 c 2 z 2 -R§ 6 ) 2; 


'gen 


//7 W _ 1 1 R e 

rfZ 5,4-58? R 37 


dz™ 5 =4 c 2 


H Appendix: Non-factorizable amplitudes 

In this Appendix we present the explicit expressions for the non-factorizable part of the H —> A A. KL.'£L and WW 
amplitudes. 

H.l Notations 

It is useful to introduce the following sets of polynomials: 

| T | where s = s e and c = c g 
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Tq = 81 — 56c 2 

Tf =53 -39c 2 

TJ = 19-10c 2 

T§ = 21- 11c 2 

Tg = 7- 12 c 2 

T 9 = 47 4- 12c 2 

T " 2 = 213 — 68c 2 

TJg = 29-4c 2 

T “ 6 = 331-200 c 2 

T ? 7 = 33- 16c : 

T 7q = 16 — 9c 2 

T?,=3-c 2 


Tq — 7 — 18c 2 T^ = 2 — 27 c 2 
Tj = 41-6T5 c 2 T* — 37 — 2T 3 c 2 
T| — 33 — 56c 2 Tg — 37 — 78c 2 
T? 2 = 7-9c 2 T* 3 = 19-22c 2 

t ?6 = 1 + T 6 c2 T* 7 = 1+4 c 2 

T?o = 7-12 c 2 T 2 , — 1 — 6c 2 

T$ 4 = l+2c 2 T 25 — 7 — 6c 2 

T? g = l + 12c 2 T 29 — 7 +6c 2 

T^ = 13-34c 2 T 33 — 1 — 5 c 2 

Tfg = 3 + 4c 2 T* 7 = 27 + 68c 2 

T 40 = 5 +4c 2 T 4i — 12 + T 9 c 2 

T 44 — 13 — 12c 2 Tjj = 37- 12Tf„c 2 
T 48 — 7 — c 2 T 49 — 44 —T^j c 2 
Tg-, — 78 — T ? 2 c 2 T5, =58-3T?,e 2 
T|g — 55 —56c 2 T 37 — 7 + 4c 2 

T 60 — 77— 192c 2 ^,=3-8^ 

T|, = 37c 2 -* 2 T* 5 = 14-llc 2 

T* g = 809-552c 2 T* 9 = 365-496c 2 
T 77 — 51 -I- 11c 2 T 73 — 22 — T“ 7 c 2 

T 76 = 79-2Tf 8 c 2 T 77 — 121 — 40c 2 
T 80 — 87 —40 c 2 T|,=3c 2 -i 2 

T g4 — 47 — 40 c 2 Tg 5 — 37 —42 c 2 

T| 8 = 1 + 16c 2 T 89 — 9+ 16c 2 

T*, = 5-2T?„c 2 T 93 — 9 —4c 2 

T % — 69 — 32c 2 T| 7 = 97 - 32T?j c 2 


Tq — 1 — s 2 T5=3 + 2T(J c 2 

T 4 — 5 —6c 2 Tg — 5 + 8T|c 2 
T 8 — 9 —2T|c 2 T 9 — 9 — 2TgC 2 
Tg 2 = 4— 3s 2 Tgg = 49 — 78s 2 

Tj 6 — 3 + 2T 9 c 2 TJ 7 =5 + 12T?„c 2 

T5„ = 9-2T'; 3 c 2 T 21 — 35 +6c 2 
T 24 — 4 — T 8 c 2 T^g = 11 — 40T^ 4 c 2 
t; s = i-2c 2 t; 9 = i-12c 2 

T5 7 = 2-9T'; 7 c 2 T| 3 = 11 + 16c 2 
T 5g = 3-4c 2 Tgg — 5 — 2 Tj 9 C 2 
t; 0 = 2+t? 0 c 2 T 41 = 5 +T 21 c 2 

— 5 — 2T 73 c 2 T^ = 19-36TV 2 
TJ 8 = 1-3c 2 T 49 — 1 — 4T 25 c 2 

Tgg — 4 + C 2 Tgg — 1 — 4c 2 

T56 = 1+T5 6 c 2 Tg 7 — 2 — T 27 c 2 

T^ 0 = 3 + 4c 2 T 91 — 5 + 12T 26 c 2 

T« = 3-4T? 4 c 2 Tgg — 31 — 12T 30 c 2 

T^ = l + 8 c 2 Tg 9 — 1 + 4 T 33 c 2 

T 72 — 2 — 3 T 36 c 2 T 73 — 22 — T 37 c 2 

T 76 — 3 + c 2 T 77 — 11 — 7 c 2 

Tg 0 — 55 + 117 c 2 Tgj = 15 —4T 9 ,c 2 

T 84 — 1 + 12T^ 4 c 2 T^ = 1+3TJ 2 c 2 
T 8 g = 5 — 4c 2 Tg 9 — 19 — 4 T 43 C 2 

T 97 — 3 + 4T 39 c 2 T 93 — 17 — 2 T 45 c 2 


T § 6 = 

= 37- 12Tj 8 c 2 

T 97 " 

= 37 - 

4TJ 9 c 2 

T 100 

= 754-4T* 7 c 2 

T 101 

= 77- 

-4T* 3 c : 

^104 

= 53 —4T| 4 c 2 

T 105 

= 67- 

-4T| c : 

^108 

= 27 - 56c 2 

^109 

= 41- 

-64 c 2 

^112 

= 7 4-8c 2 

T 113 

= 9- 

?T h r 2 
L a 58 c 

Tllfi 

= 20 4- Tg 9 c 2 

Tfn 

= 39-f4Tg 0 c J 

^120 

= 79 4-228 T5, c 2 

^121 

= 151 

— AT b , 

H 1 (O ‘ 

^124 

= 35c 2 — s 2 

^125 

= 36c 2 — s 2 


T 2 — 35 — 26c 2 T 3 — 35— 18c 2 
T£=5 + 4c 2 T 7 — 1 — 6 c 2 
Tf 0 = 7-c 2 T?,=37 + 4c 2 

T , 4 — 49 — 12c 2 T^g = 173- 192 c 2 
T,g — 53 — 16c 2 T ^ 9 — 8 —3c 2 


T$ = 49-2T Jc 2 Tf = ll-T“c 2 
T| = 39-4TJC 2 T5 = ll-T“c 2 
Mo — 6 — 13c 2 Tf,=4-5c 2 

T'; 4 = 1-c 2 T* 5 — 23 — 22 c 2 

T5 s = 11 + 12c 2 T* 9 = 1 +2T 7 c 2 

T$ 2 = 3-2c 2 T 23 — 25 + 6Tg c 2 

TS 6 = 1-2c 2 T 27 — 1 + 3c 2 

T|„ = l+c 2 Tg, — 3 —4c 2 

T 34 — 3 — 5 c 2 T‘g = l+20c 2 

T| g = ll+3c 2 T 39 — 13 —3c 2 

T $ 2 = l-4c 2 T 43 — 7 — 3 c 2 

T 46 — 11 —23 c 2 T 47 — 7 + c 2 

Tg 0 — 11 + c 2 Tg, — 23 — 7 c 2 

T 54 — 37 — 3c 2 T ‘ 5 = 8-T; 4 c 2 

Tgg — 1 — 36c 2 T ! 9 = 115-4T;5C 2 

T 62 — 119 4-360c 2 Tg 3 — 31 + 18c 2 

Tgg = 231- 200c 2 T* 7 = 184 - T“ 6 c 2 
T 70 = 103 —96c 2 T*, = 185-52c 2 

T 74 = 23 — 4c 2 T 75 =45— 16c 2 

T$ g = 6 + c 2 T$ 9 = 11-8 c 2 

T|, =31-36c 2 Tg 3 = 13 +30c 2 
T|g = l+45c 2 T| 7 = 37-32c 2 

T90 = 2 — c 2 T§, = 11-2T; 9 c 2 

T 94 = 13 —6c 2 T 95 =49— 16c 2 

T§ 8 = 1 - 2s 2 


T§ = 3 + 2Tfc 2 Tg = 3 — T 2 c 2 

T^ = 6-7s 2 T 7 = 7 4-2T 4 c 2 

T io = H- 8 T?c 2 T,, =2 —c 2 

T ^ 4 = 15 — 8 c 2 T^g = 2 — Tg c 2 
TJg =7 — 8 Tf,c 2 Tf 9 = 7-4^^ 
T 22 =25 —66 c 2 T 23 = 5 — 6 s 2 

T 26 = 11 — 36T^ 4 c 2 T ? 7 = 13-2T?gC 2 
T 30 — 5 —4T^ 6 c 2 T5, = 1 + 4c 2 

T34=12-TJ 8 c 2 T§g = l + C 2 

Tgg = 11 — 36c 2 T | 9 = 11 + 12c 2 

T^ = 29-18T? 2 e 2 T 43 =47 —36 c 4 
T 4 g = 1 + 6 c 2 "" T ^ 7 = 1-2T* 4 c 2 

Tg 0 = 5 + 6 c 2 TJ, =5-2T*c 2 

T^ 4 =l-C 2 Tgg = 1 +4T^ 4 c 2 

T 88 = 3-T5 8 c 2 Tg 9 = 5 — 2T 29 c 2 

T - 2 = 1 + 16c 2 Tgg = 2 — T 20 c 2 

T66 — 41 — 12Tg, c 4 Tg 7 = 5 + 2T 32 c 2 

T^ 0 = 59 + 12Tf 4 c 2 T 7 , = 61 + 12Tfg c 4 
T ^4 = 1 + 12 T 30 c 2 T 7 g = 23 - 4 T''g C 2 
T5 8 = 15 + 4T| 9 c 2 T 79 = 12 —T 40 c 2 

T|, = 8-3i 2 Tgg = 23 +3c 2 
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W 53 

W 57 : 


= 1+6-5- 
*zz 

= 1 + 15-1-+3 ifi 
''zz 

x 2 

= 4 + 51 y—— 

^zz 


9 4 w * 


‘zz 


a : 4 

= 21—72 

*zz 

= >+ 3 + +5 


^2 

29 5- 


^zz ^ zz 


=1+3 ^ 

:8 ^‘l8 I ^-+^23 


x 2 

= 2 + 3 5- 

^ZZ 


W38 = 1+30 i“ 9 i 

x 2 


x 2 

= 5 + 39 5- 
^zz 


r 2 
- A H 


+ 1 + 


+z 


W 42 
W 46 : 

w 5( + 

W 54 = 1 + 2^3^ 
W 58 = 4Si 9I ^ r + ^' 20 


"zz 

J r 2 

= 1 +6 + +3j^- 
2 zZ ^ 


W ^ =5 - 6 + 

WM=1 + 15 ^ 

W 43 = 6+17^ 

+ 2^9 w 47 = sr 6J ^ + x n 


w 61 = 


4 ^19 I+T + ^25 W 62 - 1 - jr 28 


= 6-++7 T J- + ;r 9 
^zz ^ 


W 51 = 

W 55 = ^ 18 + 2^ 19I ^_ 

w 59 =4+2^r 18I ^ r 

w “ = 36+ il 
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W 64 = 
W 67 = 
W 70 = 
W 73 = 
W 76 = 

W 7 9 - 

w 82 = 

W 85 = 

W 88 = 

w 91 = 

w 94 = 


= 8 S ' 0 + S1 31 ■ 


■ Sl 33 ~ <^35 

^ 16 


-ww 

3T 37 


A W W 

. 0 ay 1 ay 
- L, T- e-^40 


: «^45 


-WW 

+ 


A WW 

= 12^,9 -T— 
■^ww 

= i+2$r 53 


A ww 

■%63 


12^18 


*2 


^ww 

«^56 + <^58 TT 


■ — ^50 


Wg5 — «^29 + <^34 T“— 

v %w 

x 4 

W 68 =2 — y-2— 

A W W 

W ? l= 24 I^-^364 

W ™ = ^28 I+T “ ■*"« 

Jl 

W 77 — 8 + -r-^— 

%w 

W 8 „ = 12 si* 1 + ^r 47 1 + Si 2 

A ww ww 

W 83 = 1+2-r-!— 
nvw 

W 8 6 — <^i 8 — 12 S 1 8 -y-h4Sg5 ■ ' 

VJW WW 

JC 2 

W 89 = 2 y2- + Si 4 
A W W 

w 92 = 12 Si 9 ‘ + ^r 60 1 - Si, 

v/W WW 

A 2 

W 95 = 1 - T“— 

%W 


Wg6 — 2 ^30 + ^32 1 
w <® = 8 *ww + -®" 0 

W 72 = ^ + ST 43 


w 7 . 


- <^47 


w 

W 8 


78 : 


AWW 

-^9 


%W 

- 12 SI 8 -y- 

A ww 

W 84 = l-2Si t—-— 

A W W 

W 8 7 — 6^19 - 1 - ^5 

v %W 3 


^ww 

12^18 

'54 


+ <^51 

1 

'KvW 


W 90 — 12^1 8 -? -1" *^51 + «^59 

wW WV 

W 93 = &50-&5lT- L - 

A ww 


12 - 


'Kvw 


> = 1 + c! 


W 96 
W 99 
W10; 

w 105 = <^70 + I 2 «r 7 

Wioi 

Wm = 12^*81 


12<T 0 


'Hvw 


-12.T68 


A ww 


A ww 

<^76 


A W W 


4 - 12^8 TT— ~ <^80 T- 1 - 

4w Aww 


Vw 


- ^82 — <^85 


A W W 


Wi 

Wi 


i=60 


Vw 


Aww 


: 13x2- ^93 

%W 


W 97 = 12S-0 -J- - Sb ^4- - Si 6 

+VW ww 


W 100 = 1 + 12 -rr- - x-2- 

>w 

w, 03 = 54 -i2Sr 7 i; 


'Svw 


W,o 6 — 3 + 4 


A W W 


W 109 - ^36-^36^- 


W 112 = 1 -J 


A W W 


W 1 15 - 5 I^T~ S 87 

W „ 8 = 24 I ^ r + S - 36 


sr 74 . 


w 98 = 12 Sis t 4- + ir 36 + Si 7 j-i- 

*WW WW 


Wioi = l + 3 x 

Wi04= 12^69 
x 6 

W 107 = 36 


^72 — ^75 ’ 


'Ww 

«^83 + ^86 


A W W 


A WW 

Who = *^77 + 12^79 

Wii3=60 i'^ 8+ ‘ %o ^ 


Vw 


Aww 


W 


= 60- 


- 17 T 


^ww 1 " iww 

w, 19 = 1 - sr 95 7-3— 


W , 20 — 60 - 


Vw 


12LJ 

Here W$u denotes the 0 component of the <f> wave-function factor etc. Furthermore, £ gen implies summing over all 
fermions and all generations, while £ gen excludes t and b from the sum. 


X 0 = W<j 4) + 2 w£> - 2 dS"/ 4) 4- dS"^ X, = 3 - W<, 4) - w|, 4) - + 2 diT 8 (4) - dS^ 

X 2 = 2W< 4 > + W<, 4 j, + 4d^W, X 3 = 2W< 4 >„ + +4d^> |b 

X 4 = 2 I d++4£ d+ 4 > f +i: d4 4 +2£ W< 4) f X 5 =4-2dS” s < « + 2W< 4) w +W< ] 4 > w -dS" 1 < 4) w + 4dS;' 

gen u gen 


■(4) 

c 0 |W 


x 6 = 6+4ds; < 4 ^-4w: 


■(4) 


- 2W;7 


6 W< 4 ' +3W' 4 ' + 6 W^ t + 3W™, + 2 dSl 7 w - 8 dSf' lw + 12 dS"' 


1/(4) 


1/(4) 


17(4) 


(4) 


p(4) 


- 12dS” 1 


X 7 = ll + 30d+ 4 ;-30W< 4 V-15wW w + 15dSi 4) w -60d+ 4) |w 

X 8 =46+12d+ 4 >,-12W< 4 | ) w -6W< J 4 } w -6 £ d+^>+ 6 £ gen d+ 4) |f -3 £ dS^ 4 ’ +6£ gen W^ 4 > f + 6W< 4) b + 3W< J 4 } b +6W< 4 > t 


+ 3W< 4 > +6di4 4) w - 30d+ 4) |w + 6 d+ 4) |b + 6 d+ 4) |t 


x 9 = E g e„d< 4) | f + d< ) |w +d<|b+d< 4) | , X 10 = 1-2 £ d+j+4£ dsf - £ d4 4 > f + 2^ W< 4 > 

y gen 


-gen yv z|f 


Xn = 5 + 4l gen d^ |f +4dir c ,4, |w +4diT c ,4, |b +4d^ c l4, |t 

Xi 2 = 1-8 E d+;+16£ gen d+ 4 +8£ Ken W< 4 > f + 4W< 4 > b + 2w|;j b +4W< 4 > +2W< J 4 ; t +4dS4 4 > w + 8dir c 


-SdX 


•<4) 
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X I3 = 3 + 2d^-2W< 4 ) w -Wg| w + 2 £ -2£ gen W< 4 ) t -2W) 


t H|W 

*>(4) 


gen gen 

-4 +2 I- 

gen gen 

X15 = w[, 4) 6 + 2W? ) 6 + 4dJ ? ; (4) 6-dji 4) 6-2dJ^ 4) 6 


v Z|b 


- w 


- 2 W: 


(4) . 


■ w 


(4) 


^>(4) 

Z M|W 


x 14 = 44-2 £ dir; 4 /- £ d^' f +2^ gen w: 


■w , 

Zlf ^ 


+W^ + 2 W^ 

Z ^Zlb ^ VV H |b ' ^ vv Z 11 


+wj;| t -4dir; 


m 


X,, 


d-8d*$+8W^ w + 4< w -8 £ da$+4 £ d5$ ( + 8£ 

gen gen 


- 

-gen vv z|f 


8w/ 4 /. +4W''' +8W'T +4W; 


Z |b 


vr (4 ) 

V H b 


(4) 


vW - 

H|t 


Xj 7 = 2 + 2d^‘ 


(4) 


«I t,b 


-dX 


■(4) 


M|t,b 

(4) 


-2W 


(4) 

W | t,b 


-w 


(4) 

H |t,b 


X 18 = 2diT ( /> +diT/ 


r (4) 

z M|t,b 


X 19 = 103+144 £ d2$ + 72£ gen d5$ r -6W« |w - 144 £ 


g|t,b “ 

W^, - 
-gen v w|f 


-2W 


(4) 

W |t,b 


(4) 


-W 


y( 4 ) _ 

v H IW 


3dX 


M |W 


-4dir; 


(4) 


M|W 


X 2 o = 17-2W 


(4) 

W|W 


+ 2d2"J 


’(4) 


-w 


x 21 = 163-96 £ d^;//-48i; gen dir j <‘; ) f + 26wS) |w +96X: gen wS) |f -26dir;;i + 13w| 1 4 ; w -13dir i < 4 |w 


r W 


gen 

x 22 = n-16 £ dir/ 4 ?+8£, 

gen 




(4) 


i 6 w; 


(4) 

W|W 


-*L 


W 


(4) 


-gen TT w|f 


-led^/b+sd^ + iew: 


l/<4) 


v < 4 > . 

H|t,b 


y->( 4) 


+ 8W 


(4) 

H IW 


8 d^w - 16d^ (4) 


X 23 = 35 + 120 £ dir g ( /> + 12£ d5$ f - 22 W</) |w - 120£ gen <> f - 48d5$ tJb +220^ - 11 <} w - 37diT« w + 120diT/ 4 > 


gen 


X 24 = 293 + 12 w£> |w - 12d5$, +6 W$ w -6d5$ w X 25 = &2? c m 


5|W 


^M|W 


X 26 = 3-4 £ d*Jj? +2E„d^>+4< w +4£ 


, w; 


(4) 


-4d^' 


(4) 


*>(4) 


-gen vv w|f |t,b -rz,u “ £ 'M|t,b -*~4W W |, )b 

V w( 4 ) + 4H^ 4 > _ ?dX 4 ^ -i-W^ -I- 3d^ 4 ) 
Z-gen w w|f+ 4a ^M|t,b za ^|w + w H|w + : ’ a ^M|w 

( 4 ) w( 4 ) _ QH ^( 4 ) i 4H ta?( 4 ) . ow( 4 ) 


(4) 


+ 2 W 


(4) 


gen 

x 27 = 72- 10 £ dir;// -£ 

gen 

>?4»(4) 


y( 4) 

TW|f 

*>(4) 


,gen d ^M|f + 2W; 


H|,,b- 4 d^ ( /i + 2 w; 


(4) 

H IW 


(4) 

WIW 


X 28 = 3-8 £ d^J+4£ ^ f + 8 < w + 8 £ < , |f -8^ b +4d^+8<^+4< 

gen 


■ Sd^w +4<? w + 4d5$ w - 16d^< 4 > 


n-20 £ dir;/;=2£, 

gen 


dX 4 ^ + 2 W^ 

-gen u=z M|f ^ z vy w|w 


+ 20 £ 


w( 4 ) —Lfid^ (4) — 2d^^ + W^ +7d^ 4 ^ — 40 di^^ 
gen w w|f + 6a “ z M|t,b za g|w + w H|w + /a=z M|w WO “*c 


X 3 o = 2W$ + w|j 6) - diTj/P -2dir; 6) X 3 i = 2wg' + w[j 4) - 2diT/ 4) - 2diT/ 4) + d5^ 
X 32 = 2W$ +w|j 4) -2diT g (4) +diTj/ 4 > X 33 = 2W</> + wjj 4) -2diT g (4) -4diT c (4) + d5£/ 


(229) 


H.2 Amplitudes 

We use the following notazion: («uwb) is the non-factorizable part of the .Taa amplitude that is proportional to 

the Wilson coefficient « u wb etc. 

^H n vv = % ^D n fvv, ^HVV = T7 ^"vv, (230) 

% 

with V = Z, W, while ^"aa haz should be multiplied by M\ y to restore its dimensionality. Furthermore, /L A7 is defined 
in Eq.(161), X 77 in Eq.(177) and /L ww in Eq.(189). The function Co in this Appendix is the scalar three-point function, 
scaled with M\ y. The amplitudes are listed in the following equations: 

• HAA Amplitudes 

4aa (“uwb) = - ^ *44 + 1 *44«o" (M t ) 

+ ii.4.rrBS n (-Mi/;M t ,M t ) 

- 2r S 44Co(-Ms,0.0:M t .M t .M t ) 

&aa («dwa) = - Jg's44 a 0 n ( M b) 

- ^ «4 4 B o° (~ m h ; Af b , M b ) 
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HAZ Amplitudes 


&aa («az) = - \ ^ ca 2 ag“ (M w ) + X - T?ic_4 

- i^Vo^Bg" (-Mg;Mw,M w ) 

+ — (s 2 Ag + Tf) acCo (—Mg ,0,0; Mw , Mw . Mw^ 
_ _L( 2 T^-TfA 2 )ACA 2 L R 

•^AA (Oaa) = - ^ A 2 X 0 + i T 4 r Ai - i / A 2 4“ (Mw ) 

- ^4 bS”(-M 2 ;M z ,M z ) 

- ^aJb«”(-M 2 ;Mh,M h ) 

+ - (i 2 Ag +T 4 )/a|Co (-Mg , 0 , 0; M w , M w , M w ) 

- ^( 8 rc 2 + TfA5)A 2 Bii n (-Mg;Mw,Mw) 

- A (8T ‘* 2 + T ^h)^ Lr 

^aa (azz) = - ^ S 2 C 2 4 - 5 4 c 2 4 4” (Mw) 

+ i VosVa 2 Bq” (—Mg ; Mw , M w ) 

- ^ V b s 2 c 2 a 2 Co (-Mg , 0, 0; M w . M w , M w ) 

+ ^ V 2 rc 2 A^L R 

O 


•^AZ C ( a 'l>tv) 


2 c 3 ‘ 0 

- — — A 2 B fm 

^4' 0 

1 A a 2 

- c A az 


AT 


1 iS ■-) o 

+ 7 -W 0 a„4C 0 

4 c 


-Mg ; M,, M, 


-M|;M, ,M t ) 


-Mg,0, —M|;M t , M t , M t 


1 ^ 

•35z C ( a ^bv) = 4 ^3 J 2 - 4BJS” (-Mg ; M b , M b ^ 


-^^f x bBii”(-M 2 ;M b ,M b ) 


l! >H A 

+ 4^ 
1 ,s 


+ - ^ Wi 4 Aj; Co (-Mg , 0, —M|; M b , M b , M b 


^ A n z C («tBw) = 4 -a 444” (M t ) - ^ ^ ^4 
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- 16 [ 2 i + ( “ c2 + i )c2 l 

+ 77 ( — c 2 + 2 -r—) ~2 X n x t Co f — ^ ; M t , Mt, M t 'j 

8 A az c z \ / 

+ i (c2+2 7 it /' B ®” ; Mt ■ Mt ) 

■^AZ^Wb) = -Aj ^4*? 

- ^4x?C 0 (-Mg,0,-Ml;M t ,M t ,M t ) 

+ P8 ^ c ~ + H^z) ^3 x i x T B o n (-Mg;M t ,M t ) 

~m ( c2 +^ ) ?^^ B o n (“ M z ;Mt ’ Mt ) 

^_2 

•3^Z C ( a bBw) = (Mb) + -jg ^2 ;[—4 

+ A [ 2 i +(_c2+ i )c 1 ^ B ° n (' m h ; Mb > Mb ) 

- A (~c 2 + 2 A-) Z.x|4 Co (—Mg , 0, -Ml; Mb , Mb , M b ) 

- A ( c 2 + 2 -L) ^ ^4 Bo” (-Ml; M b , M b ) 

jz a A z c Aaz v 7 

^nfc/ \_ 3 Vb y 2 y 2 

^AZ V^bWBj — p^T “^H^b 

+ ^y44 C ° (“Mg ,0,-Ml;M b ,M b ,M b ) 

^ li ( ° 2 + ^44 B «” ( _M h ; Mb ’ Mb ) 

+ P8 ^ + AH^ <?4 Bb ” ; M b , M b ) 

9 

^A n i C K d) = ^ [2 - 1 - T^c 2 - (^- Tfo - 2Tf!)1 -^3 ^5 Co (-Mg , 0, -Mg ; M w , M w , M w 

3z L Aaz Aaz J 5C \ 

+ ill 1 3 ^ TYo - S [T« + C»E »b + 2 -'f v. 1 c 2 ] j-U 1 

+ 2 [ ( E Ti+ 2 i^ + ,Tjl ] ,! ' , )i 4 

- ^ (3c 2 Vb - Tg s 2 ) A Wj 4 xg Co (-Mg , 0, -Mg; M b , M b , M b ) 

- s (3c 2 V b - T^ 2 ) -L A A b Bq” (—Mg ; Mb , M b ) 


+ 1 (3c 2 v b - Tf/) -L ^ a! Bg” (-Ml; M b , M b ) 

- -i (3c 2 v t - T is 2 ) — Wo-vg x 2 Co (-M 2 , 0, -Ml; M,, M t , M t ) 

96 sc V / 

-l(3c 2 v t -T^ 2 )-i3^xlB»"(-M 2 ; M t ,M t ) 

+ i ( 3c2 v * ■ T ^ 2 ) ^3 if B S" (~ M 1 ; M , • Mt) 

^ fi (_ r~ T ‘° +2 r~ Tb c2 ” 6T2 " 2 c2} “^ r~ B «” ( _m h ; , m w ) 

64 A az A az sc j A az \ 7 

+ i (_ T~ T i ° + 2 T~ ^" 2 - 6T ' j2 ' f2 ) -4 r- B o” C M z ; M w , Mw) 

64 A A z Aaz sc Aaz ' 7 
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•*az C («AZ )W 3^ 4 Xi - - 4 4" (Mh ) + - ? x" 4" (Mz) 

+ g { !6 i ! cV„ +E + 2 Tf,)] } i 

x Co , 0, ; M\y , Mw , M\y 1 

- ^{ 4 £ t ^ 2c6 - [( 2 t - +t - 4)] i +2(3 i^ +T ^ c2)c4 }?^ 


X Bg" (-Mg; M w , M w ) 
x Bg n (-Mg ; M w ,M w ) 

+ ^ - [ 2 ^ w 2 - (^ w 2 + Wa c 2 ) c 2 xj] r 2 } 14 c ° (-Mg , °, -Ml; M Z , M H , M Z ) 

+ M{ 4 i“[ 2 i W5+(cVH+2W3)c ^ 2 }^ HBr (“ M " ;Mz ’ Mz ) 


- j^2 { 3 [ T 18 - 8 (4 v b + 2 4 v t) c 2 ] c 2 + 3 [(2Tf 7 + Tg, 4)] 

+ 8(Tf 2 4+2Tf 5 .xr)-L4 C 4 }ix5 
A\z j <• 

1 ■ l 

- ^ (1 - c 2 xi) 1 ilL.xiCo (-Mg , 0, -M| ;M H , M Z , M H ) 

+ ^ (3 v b - Tf 2 4) 1 ^f-xg Bg" (-Mg ; M b , M b ) 

- ^ (3 v b - TV) 1 ^f-xg Bg" (-Mg ; M b . M b ) 

+ ^ (3v b -Tf 2i 2 )W,4xgC 0 (-Mg , 0, -M| ;M b ,M b ,M b ) 

+ ^ (3 v, - Tis * 2 ) jr jjr xrBg" (-Mg ; M t , M t ) 

- -^(3v t -Tf 5 , 2 )i^4Bg"(-Ml;M t ,M t ) 

+ ^ (3 v, - Tf 5 r) W 0 xg xg C 0 (-Mg , 0, —Mg ; M,, M,, M,) 

+ ils (_c2+4 i } ? 4b «" (~ m « ; Mh ’ Mh ) 

~ ^( T 14 e2 4+ 2T 16) A-xgL R 

^AZ C («AA) = - ^ * cxg xg v b «g n (M b ) - i i cxg xg v, ag" (M,) 

- ^ J J" T$o*g Bg” (-Mg ; M b , M b ) 


- ^ J ^ T «4Bg” (-Mg ; M t , M t ) 
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1 s 3 
48 7 
1 s 3 


- 4W, .4 xl Co (-Mg , 0, -Mg ■M h .M h ,M h ) 

' S 7 T « Wo '^ x ' Co (” M » ’ 0 ' ; M,, M t , M t ) 

^ ^v,BS“ (-Ml ;0.0) 


1 s 

24 c 


Uo4 (1 — 3Lr) 


i r 4 


— L -p-T^ 0 i 2 -(l+2c 2 4)c 2 Vb] ^4Bo” (-Ml;M b ,M b 
+ ^ [p-T^/-(l+2c 2 4)c 2 v t ] ^4Bi5”(-Ml;M t ,M t ) 

+ re { 8 ^ c 4 ^- 8 i T - c 4 + l ( - i ^ +2Tfo) ]) 

x Co T—Mj^ , 0, — M ^ ; Mw , Mw 5 Mw^ 

+ ^ { 8 a 7 " 2 C<S ^ 2 1 i +(1 ^ T2 ^ )c2 ] c4 + [ ( 2 T 32 + t 34-4)] ^} Jr 4 

X B(f(-Ma;Mw,Mw) 

4{ 12 4 ,!c ‘ +3 N‘ + ^>]3k- 2(, 4^ + ^)-‘}j4 

X B£”(7m1;Mw,M w ) 

+ 288 i 2 [ T37 ~ 12 (4 v b + 2 x t 2 v t )c 2 J cr +9 (( 2 Tfj + T 33 4)J 

- 12(T^4+2Tf 3 4)^-4c 2 } 44 

A\Z J C 

i ^ /q „2 2 o ^ '-pt/ rp<i 2 \ ^ ^2 fin (n/f \ 

+ 7 t(^ 5 c - 3-t T 29 — T 39 c )-x^a 0 (Mw) 

Z 4 Aaz Aaz C 

+ ^(3t1c 2 4+T^)74Lr 
2 

^A n | C («zz) S 24 I tjr T «4 *0 (-M 2 ; M b , M b ) 

- ^ J^jT I&4 Bq” (-Ml; M b , M b ) 

+ II ^ T 5o4 B «" (~ M « ; Mt ’ M ‘) 

+ ^ T d 4 g Wi ^44 Co (-Mg , 0, -Ml; M b , M b , Mb) 

+ ^Tf 0 W 0 *c44Co (-^H , 0. —Ml ;M, ,M t , M t ) 

+ A { 4 £ / e 6 + M 2 + T «- r « ) ] i " 2 ( 3 i T -- T ' ic 2 ) c l 7- 4 

X Bg n (-M1 ;M w ,M w ) 

_ A ( 8 17 15,21c6 _ 2 1 i T « +(1 ~ l2 ^ ) 1 '1 c4+ [ (2T32+1 ^ 7 ^ ) ] i} ?*» 

xB» n (“M 2 ;Mw,M w ) 

- i { 2 [ ( - 2 £ - 4 £ T "° +21 T2) ] c4+3 [ (2t<3 ‘ + )] i 1 ? 
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+ iiH ( ”£ T " 8+2T « ) ] +8(cV “ + i T ^ )c4 } 

x Co , 0, —; M\y , A% , M\y^ 

+ -i(12c 2 -T^4) 5 c4L R 

16 

- 7T (t^ T 99 +T4C 2 ) ^xg 4" (M W ) 

5 a az a az c 

HZZ Amplitudes 

^D ; zz( a 9tv) = pr ^2 *t 2 + g ^2 *t a 0° ( M <) “ 48 ^4 ( 1_3Lr ) 

- ^ [4^- + (2 + V 3 c 2 )c 2 ] ^ Co [-Ml, -Ml, -Ml ;M t ,M t ,M t ) 
+ ^ (^W 6 + 2c 2 x, 2 ) £ Bg” (-Mg ; M t , M t ) 

•^ijfzzC^tA) = g pr-*t a o” ( M 0 + ^2 •*? ( 3_ 12Lr)- ^g ^4 (1 _3 l r) 

- ^ [ 4 ^ + ( 2 - V 3 c2 ) c2 ] ^^Co(-Mg,-Ml,-Ml;M t ,M t ,M t ) 
+ ^ (aW 6 - 10c 2 XT) 1 Bq” (-Ml; M { , M t ) 

^D;Zz( a 4>bv) = pr - T b + g ^2 ^b «o” ( M b ) “ 4g ( 1_3 L r) 

- ^ [4^-+(2 + V 4 c 2 )c 2 ] ^xlC 0 (-Ma,-Ml,-Ml;M b ,M b ,M b ) 
+ ^ (^W 7 + 2c 2 xj) ^B|f (-Ml;M b , M b ) 

•^D 1 fzz( a 9bA) = g ^2 ^ b «o n (M\,) + — xg (5- 12 Lr) - 4^ p: (1 -3 Lr) 

2 

+ 5?i B «”(- M » ;Mb ’ Mb ) 

- ^ [ 4 ^- + ( 2 - v 4C 2 )c 2 ] ^ xg Co (-Mg,-Ml,-Ml; M b , M b , M b ) 
+ ^ (sW 7 - 10c 2 xg) ^ BS n (-Ml; Mb , M b ) 

•^SfzzHiv) = ^g p4 Vi Bo n (-Mg ; 0, 0) — — ^4 Vi (1 — 3 Lr) 

= i ? B o" (“ M i • °' °) - li ^ (1 - 3Lr ) 

'-^Dfzz( a tt) = - g2 p? X2 

•^D;Zz( a b<|>) = pg ^2 X 3 
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•S^fzzC^tBw) 


- _ 

“ 128 c H '^ 

- ^3 [ 8 p^ + ^-c 2 * 2 ).: 2 ] 74 B o"(-Mg;M t ,M t ) 

+ ^ [ 8 ^ + (2 - C 2 x|) c 2 ] ^ XT B iS” ( -Ml ; M,, M t ) 

+ Ta { 4 I~ + [' + «-<?&<?*] c 2 } ~j 4 v t Co (-Mg • -Mz, ,M t ,M t ) 

'^D-ZZ^bBw) = “44 

+ ii [ 8 i + (2 “ c2 - r » } c2 ] ?^ B o° (-"a; M b, M b ) 

~ li [ 8 i +(2 ~ c2 - r » } c2 ] 7 ** B ° n (~ M z ; Mb ■ M 0 

- { 4 J- + [l + (4- c 2 .vj)c 2 ^] c 2 }^v bCo (-Mg , -M|, -M|; M b , M b , M b 
^ofzzM = fg ^2 

- | [ 4 ^ + (^ C 2 ^ - W 8 )c 2 ] 1 Co (—Mg , -M 2 , -M 2 ; Mh , Mz , M H ) 

+ | (2 - c 2 x|) Bg” (-M 2 ; M H , M H ) 

- | (2 - c 2 ^) -±- Bg” [-M 2 ; M H , M z ) 

^D; f zz(«*n) = “ ^2 X4 _ ^92 4 ( 23 + 3 l r)- ^gg ^4 (13-57L R ) 

- 4 [2-(c 2 j;+Wh)c 2 4] 1 Co (-Mg,-Ml,-Ml ;Mz,Mh,Mz) 

- 4 [ 8 ^- + (2Wh-W 12 c 2 4)c 2 ] ^Bi5 n (-Mg;M H ,M H ) 

+ ^7 {i6-^- + [4W 10 + (Wi2C 2 4 -2W 16 )c 2 xg] c 2 ) 4 

x Co (-Ml, -Ml, -Ml; M H , M z , M H ) 

+ h i 24 lib + i 6WlS + ^ “ Wl4) ^ c2 } 7 B “” ( _M z ; Mh ’ Mz ) 

+ ^(2-c 2 4)^4”(Mz) 

- ^(3-c 2 ^)^4«o n (M H ) 

- ^(2,vW 13 + 3c 2 4)^Bi5"(-Mg;Mz,M z ) 

- 4 (4 ^ T ? 2 + Tf 2 7,W 9 ) 4BS" (—Mg ; M W . M W ) 

+ ^ (4 ^ T 5 2 + Tf 2 7,W 9 ) 1 B»“ (-Ml; M W , M W ) 

+ "7 (4 A4 T ^ 2 + f2 iW9) 7 Co (-*1 ’ ~ M z ' ~ M z ^ M w , M W , w) 

^ z M = I i-ix 6 -±^x 5 

- [ 4 T 53 c 2 + (Tf 6 a 2 + 2T^ 9 ) ^-] 1 Bg” (-Ml; M w , M w ) 

+ 4p [t^ 8 C 2 + CI&4 + 2 T 6 9 ) ^ B o“ (—Mg ; Mw , Mw) 

- 3 J 4 [C4,4 + 2T&) 4p - (T bl c 2 4 - 6 T i 2 )c 2 ] 1 
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x Co f —Mft , ; Mw , Mw , Mw^ 

+ ^ { 3 ° 2 + [ (3 “ T 8 Vb )] ^ ^ B 0" (" M Z » Mb ’ Mb ) 

+ i { 3c2 + [(3- T ^v t )] ± (-Ml; M t , M t ) 

“ 2k { 4 3“ Vs + [ (8 " 4 " T “^ ) + (2c2 + A^ T 5 s) c2a 'h] c2 } ? 

x Co (-Ml 1 , -Ml, -Ml; M h . M z , M h ) 

+ i H - [ ( 4 rt+T - )cV « +2( 4 +Tf) l c2 - v »} ? 

x Co (-Ml, -Ml, -Ml; M z , M H , M z ) 

+ { T 66 + 3 [t^ 5 _4 + 6(Tg4 v b + T %4 v, - 3 V 6 )c 2 ] c 2 } 

+ i { [ 7 ^ 2 4 + (4 - ^ T58-4)] c 2 + 2 [(8 + Tf 4)] i B? (-Mft ; M H , M H 

+ i{[4 T -- 2(1 - cV “ )c V 4 - 2 [4 T - +12 i +T M}? 

X Bg” (-Ml; Mh , Mz) 

+ i{ 4 [ (3_T * Vb) ]i4 + [ 2(3 " T * Vb)_(T * V4Vb+3V4)c2 ] c2 }i^ 

x Co (-Ml, -Ml, -Ml; M b , M b , M b ) 


+ i{ 4 [ (3 ” x;,;vt) ] i + [ 2(3_T ® v,)_(T ® V3V,+3V3)c2 ] c2 }i^ 

x Co (-Ml, -Ml, -Ml ; M t , M t , M t ) 

-i{^[ (2 i T33+T M +(9e2 -£) T ^ c24 H}>° n (- M H ;Mz ^^ 

+ 3i4 (1_2c2 ^)? a ®”( Mz ) 

2 

-^-^)^K(~MhM b ,M h ) 

-S (3 -^ V ')?i B "(- M H ;Mt ’M‘) 

- ^(15-2c 2 4)^4«o"(Afe) 

-i(^-6 v 7 c 4 )^ LR 

■^D;Zz( a Az) = ? Xy + % c X ® + 16 7 X,+ P T 70 sc '* , H a 0 n (Mv) 

+ ^ [4-(2W I0 + W 10 c 2 4)c 2 4] ^Co (-Ml,-Ml,-Ml;M z,Mh,Mz) 

- ^ [ 4 ^ c 2 4 - W 8 )c 2 ] ^4 Co (-Ml, -Ml, -Ml; M H , M Z , M H ) 

- ^ [2Tf 2C 4 4+Tt 3 -6(Tlc 2 4-9V 6 )/c 4 ] -^Lr 

- ^[4(Tl 2 +Tf 6C 2 4)c 2 + (Tl 9 4-2T‘l,)^] ^BS n (-Ml;Mw,Mw) 

+ ^{3T^o+ [T^ 6 4-3(8 C 2 44v b + 16c 2 44v t -2T^4v b -2T^4v t 

- 9U 2 4-9U 4 4)c 2 ] c 2 } 

- gg { [4c 2 44 v b + (24 Vb +U 6 4)] c 2 - [(4v b - 6 ^ T 78 v b - 9 ^ u 4) ] } 4j 
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X BS n (-Mi;M b; M b ) 

- ^ { (8c 2 44 v t + (44 v t +U 5 *, 2 )j c 2 — |^(8 v, 6 T 77 v, — 9 U 2 )j j 4j- 

X Bo” (-Ml; M,, M t ) 

- ^ { [t73 -: 31 ( T 7'c 2 ■4 -'Tf 1 ) ■c 2 4 ] c 2 - (T ^ 9 4 -: 2 ■4 1 :) } 4, 

X Bg”(-M^;Mw,Mw) 

+ 96 { [ 6T ^ 4 + ( 24f6x H ~ T 75) ^4] c2 “ ( T 7o4 — 2 T 8 l) ^ } ^7 
x Co My , —M^ , —M 2 ; M\v , Mw , M\y^ 

- M { 4 [ (2 ^ Vt + 3U2) ] i + [ 2 ^ Vt + 3U2 > + (2T ^ V 3 Vt - 3 V 3 Ul) C 1 ^ £ 4 

X Co (—Mg , -M|, -M|; M t . M,, M,') 

- -^g { 4 [(2T ? 8 v b + 3U 4 )] 1- + [2(2Tf 8 v b + 3U 4 ) + (2T ? 8 V 4 v b - 3V 4 U 3 )c 2 ] c 2 } 4, 4 
X Co {-Ml , -M|, -Ml -Mb, Mb, Mb ) 

+ ^(2-c 2 x5)^v 1 Bg"(-M 2 ;0,0) 

+ ^( 2 -^) 4 , J b ?(-M^M h ,M„) 

+ ^ ( 2 — ^4) “ 4 v b a o” (M b ) 

+ 1(2 -c 2 xl) S -x}v t a%-(M t ) 

+ (*W , 7 + ^ ^ 2 4) 4r B o” (-^h ; M Z , M Z ) 

- 1 (2*Wn ^ £ c 2 4) 4r BS" {-Ml ; M H , M Z ) 

+ 1 (2T 77 v t +3U 2 ) ^ 1- B£” (-M 2 ; M t . M t ) 

1 5 Jt 2 

+ (2T 78 v b + 3U 4 ) 4j Bg” {-Ml ; M b , M b ) 

-1(2Uo-U 0 c 2 a- 2 )^(1-3L r ) 

■^I+ZZ^Aa) = J ^ X 11 + ^2 (3 Xl ° 

+ 1 [ 4 ^ + (1^ c 2 4 -■W 8 )c 2 ] J-v 2 Co (-M 2 , -Ml , -M 2 ; Mh , Mz , M H ) 

- 1 [ 4 T 29 - (2Wio +W 10 c 2 x 2 )r c 2 .v 2 ] 1 Co (—Mg , -Ml , -M|; M z , Mg , M z ) 

- 1 [T 90 + T 96 C 2 4 + ( T 8 4 v b + T 9 4 v t) S 2 C 2 ] ^ 

+ 1 [(T?i4 - 4T 87 ) JL + (2Tf 8 +T^ 2 c 2 4)c 2 ] 1 Bq” {-Ml ; M w , M w ) 

- lH 3c2 +[ (3 - T 8 Vb) ] j^}^4BZ"(-Ml;M b .Mb) 

- Te { 3 c2 + [ (3 - T " Vt )] h } 7 * B °" {~Ml ; M' • M‘) 

- 1 { [c 2 4 + (4 - T 93 4)] c 4 + (T f 1 4 - 4T 87) ^ } 5 Bo” (-M^ ; M W , Mw) 
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+ ^ {- [ 2 T& - (4c 4 .4 + l£)44] c 2 + (^4 -4T^) ^-} £ 

x C 0 (-Mg , -M|, -M|; M w , M w , M w ) 

- ^ { 4 [(3 - T 8 ^ Vfe )] ^ + [ 21 (3 ■- T 8 ^Vb) - (T i V 4 v b + 3 V 4 )c 2 ] 4} J4 
x Co (-Mg , -Ml, -Mg ; M b , M b , M b ) 

^ i { 4 [ (3 " Vt) ] i + [ 2 (3 " T « V,) “ (T » Vs Vt + 3 v b) 4] 4} ^ Z,Z 

x Co (-Mg , -Ml, -Ml; M,, M,, m4 

- ^ (2 - 4j<|) £ ^ Bj? (-*h ;M H , M H ) 

1 2 ^2 

+ T 6 (3_ T * Vb) ? i ^ (~ M h ; Mb ’ Mb ) 

+ i( 3 - T 9 v .)^ B o"(-^H;M,,M t ) 

1 2 

- 3 ^ (*W 17 + c 2 4) ^ Bg” (-Mg ; Mz , M z ) 

+ -i ( 2 iW 17 - ^ c 2 4) £ B g" (-Ml; M H , M z ) 

- 3 ^ (2s 2 c 6 4 - 4T 91 c 4 4 - 194 ) i L R 


•^ofzZ^zz) - 32 x 14 + 3^4 X 13 + 3 ^ ^2 x 12 


+ 3 ^ [2 -^444 - (10-44)44 + 2 (^ Tg + 2 Tf 07 )j 1 Bg" (-Ml; M h , M z 

+ -^ [ 4 ^ S 2 c 2 4 - 4T f, 0 SW I7 - ( 10 + c 2 4)c 2 4] 1 Bg” (—Mg ; M z . M z ) 

X Co (-Mg , -Ml, -Ml; M H , M z , M H ) 

+ ^ (4 (2—c 2 4) 3 ^ s 2 + ( 10 —c 2 4 ) 4 j ^4 B o n (- M H;*fe,M H ) 

- 3 ^ {9c 2 + [(2Tt 2 v, +3U 2 )] ^-} ^4 B o° (-Ml ;M t , M t ) 

- 3 ^{ 9 c 2 +[( 2 T m Vb + 3U4) ] ^-}^4 B g"(-M 2 ;M b ,M b ) 

- 3 ^ {^4c 4 4 +4Tf 06 - [Tf 07 c 2 4 +2(^Tf 10 + Tfo 7 )] 44} 1 
x C 0 (-Mg , -M z , -Mz ;M z ,Mr- 

+ b, { 4T « 7 4 + [C 2T «4 v, - 32Tf 07 + 2Tf 12 4 v b + 3U 2 4 + 3U 4 4)] 4} 1 

+ ^ { 2 Tf„ + [ 2 TiQ34 - (Tf 08 4 + 18V 6 )4] 4} II* 

- i { [ T ^oo 4 .4 + 2 ( 2 T f 00 - T f 02 4 } ] 4 + 4 [ ( 6 8 - Tfoi 4 
X Bg n (-Mg;Mw,Mw) 

+ Yg { [ 2T fo 4 + (4c 6 xg -Tf 05 )c 2 4j 4+ ((6 Tq 8 -Tf 01 4)] j -—} ^6 

X Co (-Mg , -Ml, -Ml; M w , M w , M w } 
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— IF { 4 [(^ T ^ 2 Vt + 3U2 )] + [2( 2T 42 v t + 3U 2 } + ( 2T 42 V 3 Vt — 3 V3Ul)c 2 ] f 2 } 

X Co (-A4 . -Ml, -M|; Ml, Ml , M t ) 

+ ^ { [(6T& - Tf 01 ^)] ±- + (2T 99 - T? 09 c 2 x 2 ) c 2 } 1 Bq" (-Ml; M w , M w ) 
- T ^{ 4 [ ( 2 T f i2Vb + 3U4) ] ^ + [ 2{2T f i2Vb + 3U4) + ( 2 T f i2V4V b - 3V4U 3 ) c 2 ] C 2 }^ 

x Co (-M 2 , —Ml, -Ml ; M b , M b , M b ) 

- ^(4-c 2 x 2 ) ^xs^Mh) 

+ ^(4-c 2 :4)^-4 n (M z ) 

2 

+ 1 (2Tt 2 v t +3U 2 ) 1 £- Bq” {-Ml ■ M t , M t ) 

1 1 JC 2 

+ ^ (2Tf 12 v b +3U 4 ) ? Bq" {-Ml ; M b , M b ) 

•^D 1 fzz( ren ) = 22 ^2 X|5 

■5p’zz( fl 4>tv) = — ^2 Wi 9 ^ 

- ^ [ 12 3 j|- + (W„ + 2 W 20 c 2 ) c 2 ] ^ x? Co (—a 4 , -Ml, -Ml ; M t , M t , M t ) 

+ ^ (-c 2 sW n + 12 -7-) £ x~ BS" {-Ml ; M t , M t ) 

- ^ (-c 2 .vW, 8 + 12 7-) 7 xr Bj" (-Ml; M t , M t ) 

•^P-ZZ^tA) = TT — Wl 9 Xf 

16 c z 

" F [l2 a|” + (W22 + 2W23 c2)c 1 F** Co (“ M h , -Ml, -Ml; M t , M t , M t ) 

+ ^ (c 2 iW 2 i + 12 7-) 1X? Bjj” (-Mg ; M t , M t ) 

- ^ (c 2 *W 2 i + 12 7-) 1 x?Bjj" (-Ml; M t , M t ) 

~*P-Zz( a <l>bv) = "jg ^2 ^19 X b 

- ^ [l2^- + (W 18 + 2W 24 c 2 )c 2 ] ^xgC 0 (-Mf,,-Ml,-Ml;M b ,M b ,M b ) 

+ ^ (-c 2 *W lg + 12 * ) J x 2 Bq” {-Ml ■ M b , M b ) 

- ^ (-c 2 *W i8 + 12 ^-) ^xg Bq” (-Ml; M b , M b ) 

'^p’zz( a ^bA) = Yg W 19-«t 

- F [l2 A|- + (W22 + 2Wz5 c2)c2 ] ?^ Co ( _M h > ~ M Z - -Ml; M b , M b , M b ) 

+ h . (12 Wz +W21c2) B °” (~ M » ; Mb ' Mb ) 

- ^ (12 7j|- + W 21 c 2 ) ^-xg Bg” (-Ml ; M b , M b ) 
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^z(«.bw) = | {6 ^ + (-c 2 + 2 c 2 } ^*r v t 

X Co (-Mg , -Mf, -M|; M,, M,, M t ) 

-^ + 2^-)^ 

64 Azz c 3 

^“IzKbw)=-^{ 6 -^+ [i +( - c2+2 i )c2xi 5 c2 } ^ vb 

x Co (-Mg , -M\ , -M 2 ; M b , M b . M b ) 

3 /2 « 1 \ Vb o 

+ 7T( C + 2 1—) ~3 X b 

64 A Z z c 3 


+ 64(- c4 + 12 A^ ) ?^ BSn (“ M H ;Mb ’ Mb ) 
- ^ (-c 4 + 12 A-) ^ Bg" (-Ml; M b , M b 


•^plzzW - Yg ^ Wl8a o n ( Mz ) + 16 ? Wl9+ 16 W9a o” ( M h) 


+ h [ 24 i - (12 4 - W9 c2) c 1 b B «° (r M « ; Mh - Mh ) 

- A [ 24 A- - (w,c 2 + 2W 27 )c 2 ] 1 Bq” (-Ml; M H , M z ) 

- A I 48 YjT- + [ 8 W 2« - ( w 9' c2x 5 - 4 W 25 ) <?\ c 2 } ^ c o (-Mg , -Ml, -Ml; Mh , Mz , Mh 


•^zz( fl 4>n) - ^2 w 9 a o” ( M z) - Wo.rgflo” (M h ) 

+ 4^ [ 8 4- ,sW 26 - (W,c 2 .4 - 2W 32 )c 2 ] A Bg n (-Mg ; M Z , M Z 

+ J2g [l6-^-.vW n +(W 9 c 2 .4+4W 30 )c 2 ] ^4 Co (-M^ , -Mf , -Ml; M z , M H , M z 

- i I 48 i + 1 12 i +( - 4 i Wm+W9 c2) cV «] c2 } ? B « n (- M « ; Mh ’ Mh ) 

+ ll 8 { 96 IT + [ 16 i W “ ” ( 3 W 9 c 2 ^- 4 W 28 ) C 2 ] c 2 }lBg" (-Ml; M H , M z ) 

+ 6i { % AT + t 8 i W34 “ (W9c4 - T "-4W29-4W31C 2 a 2 )c 2 ] c 2 } A 
X Co (-Mg , -Ml, -Ml; M H , M z , M H ) 


X BS n (-Mg;Mw,Mw) 

+ A { 12 i Tfi7 ^ [ (12 £ T " 2 ■ t * 2o) i +(T " 2 W9+T ‘ 13 V9) c2 l c2 1 7 


X BS n (-Ml;M w ,M w ) 

X Co (-Mg . -Ml, -Ml; M w , M w , M w ) 
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1 

64 




1 


W= 5Y2 [8sW 4 5-(5W 9 c 2 4-2W 3 7)c 2 ] 1b^(-a4;M z ,Mz) 

- -L [l6.vW39-(5W 9 c 2 .4-4W 36 )c 2 A- 2 ] 1C 0 (-M& , -M|, -M| ;M z ,M h , M z ) 

2 < JJ T ia +T J2> V >>] ? 

- 2k { 48 + [ 12 W42 “ ( 6W 9 c2;c h - W 44 )c 2 ] c 2 } 1 Bg” (-Ml; M H , M z ) 

+ ^ {96 jj- + [24 W 38 + (-4 - l — W 40 + 17W 9 c 2 )c 2 * 2 ] c 2 } 1 Bg n (-Mg; M H , M H ) 

- ^ {192 -g- + [i6 w 4i - (i7 W 9 c 4 x 4 - 8W 35 - 4W 43 c 2 xi)c 2 ] c 2 } 1 
X Co (-Mg , -M\ , -Mg ; M H , M z , M H ) 

+ Ts{ 12 jk Ti “ + [ (24 c 1? * +Tf * ) i +(2 ^ w ’ +5<3V,,c2 H}? 

X BS n (-Mg;Mw,Mw) 

- 1^8 { 12 i + I^ 24 A T « + + (2T « W ^» + 5 T ^3 V 9 } e 2 ] C 2 } ^ 

X BS n (-Ml; M w , M w ) 

■ m f 12 i T ^ 24+ [ (24 i +t * 27) i +(2 i T ‘ i5 ■ 5 T ' 16 V9 ~ 2 t * 22) c2 I c2 } ? 

x Co (-Mg , -Ml, -Ml; Mw , Mw , Mw) 

+ i { 12 [ (3 " T » Vb) ] ^ ^ M W '» v b - 3W 22 ) + 2(T^ W 24 v b - 3W 46 )c 2 ] c 2 }±4, 
x Co (-Mg , -Ml, -Ml; M b , M b , M b ) 

^ ^6 { 12 [ (3 _ T » Vb} ] I|“ + (T * Wl8 Vb + 3 W21} c2 } ? B °" ; Mb ’ Mb ) 

+ i { 12 [ (3 " T * Vb) ] ^ + (T * W >8 Vb + 3 W 2 i) c 2 } ^ xl Bq” (-Ml; M b , M b ) 

+ 2^6 { 12 [ (3 “ ^ V,) ] If “ N W is v « " 3 W 22) + 2 ( T 9 W 20 v, - 3 W 23 ) c 2 ] c 2 } 1 x 2 
x Co (-Mg , -Ml, -Ml; M,, M,, M t ) 

” i { 12 [ (3 _ T9 v,) ] i + (T9 Wl8 Vt + 3W21 ) f2 } ^ B ‘o (~ M h ; M t , M t ) 

+ 2l6 { 12 [ (3 " ^ V,) ] If + (T9 W ‘8 v < + 3W 2i) f2 } ^*t B S” {~ M z ; M t , M t ) 

- ^■(2-3c 2 ^W 9 x 2 )^4 n (M H ) 

- i_(3 c 2 ,W 9 _2V 9 )l^”(M z ) 


•^p”ziz (0az) = - -j^ * ca! v b flo” ( M b) - g SCX{ v, ajj” (M t ) 

- ^ ^ V1 K (-Ml; 0, 0) + ^ )U 0 (1 - 3L R ) + iT^ca? (M w ) 

- [4.vW 5 i + (12^-W 9 c 2 )c 2 a 2 ] ^-B?(-Mg;M z ,M z ) 
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+ ^ [8.vW 49 - (W 9 c 2 ^ - 2W i0 )< 2 4] ^ Co (-Mg , -Ml, -Ml; M z , M H , M z ) 

-i[ 24 i- (12 4^ W9c2)c2 ]? 4B? (" M » ;MH ' MH ) 

+ ^ [ 16 ^.5 w n-( w 9C 2 4- 4W4 8)c 2 ] ^B?(-m1;Mh,Mz) 

+ 556 i 48 JE + [* c w ” - (W, "" ; - 4W ’-’ )c2 l"} ? r; 


X Co (-Ml, -Ml, -Ml; M H , Mz , M H ) 

+ | 24 ^ 2 “ T 133 + [(64<5 6 *i - — Tf 39 - 2Tf 30 V9 +Tf 31 )c 2 

- 2 (6 Tfoo - Tf 41 ) c2 } p- Co (-Mg , -Ml, -Ml; M w , M w . M w 


- ^ { 24 *- T? 33 - [2 (6 A Tfoo - Tf 38 ) J- + (T? 37 + 8 T 4 c 2 4 


X 2 
, x v 

Azz V ^7 


- 2T£f 2 V, - Tf 35 ) c 2 ] c 2 } ^ Bo” (-Mg ; M w , M w 

+ 554{ 72 i T - + [- 6 « 4 i^- T 


T 138) 1— 


x 2 

+ (-3 ^ Tf 37 + 6T72 V, - Ti n ) c 2 ] c 2 } 4, Bg" (-M 2 ; M W , M W ) 

2 

- ^{[32c 2 ^Vb + (16vb+9^U 8 -6Tl 8 Wi 8J: 2 v b + 9V9U4^)] 
x 2 

+ 36 [(2T 78 v b + 3U 4 )] jj -} ^ Bjf (-Ml; M b , M b ) 


1 X 2 

■ 384 { l 64 ^ V ‘ + (32vt + 9 lt Ul ~ 6X77 W|8 ^ v ' + 9V 9 U 2*?)] 
2 

+ 36 [(2T? 7 v t + 3U 2 )] 4jj-} ^ B? (-Ml; M t , M t ) 


1 

576 


x 2 

1 v t )c 2 - (-9 T? 34 + 18T 77 W 19 ,r, 2 v, 


+ 18 T 4 8 W , 9 4 v b - T? 43 + 27U 2 W 19 4 + 27U 4 W 19 ^)] c 2 + 9 (4- T? 36 + T? 32 V 9 )} - 
+ li {~ [ (_3 4 U? + 2T ‘ 77 Wl8 v.-3V9U 2 )]c 2 + 12 [(2T 77 v. + 3U 2 )] ± 4 


X B{) n (-Mg ; M t , M t ) 

+ ^ {- [ ( - 3 ^ Us + 2X 78 Wh v b - 3 V 9 U 4 )] c 2 + 12 [(2T 4 8 v b + 3U 4 )] ^ } Jf *b 
xBf (-Mg; M b , M b ) 

- l4 {[( 3 ^ U9 + 2X 7 7Wl8V t- 3V9U2 ) + 2 ( 2x ^ W2 °v t + 3Ui + 6U 2 W 1 9.*r)c 2 ] c 2 
+ 12 [(2T 77 v t + 3U 2 )] jr}^4 Co (-Mg , -Ml, -M\ ; M,, M t , M t ) 

- T^{[( 3 ^ Ul0 + 2X 7 8Wl8Vb - 3V9U4 )+ 2 ( 2X 78 W 2 4Vb + 3U3 + 6U4W l 9 ^)c 2 ]c 2 

+ 12 [(2T 78 v b + 3U 4 )] 4r } 4, 4 Co (-Mg , -Ml, -Ml; M b , M b , M b ) 

+ ^(l-C 2 xl)JW94"(M H ) 

+ (sWi8 + c 2 sW 9 ) X a |>" (Mz) 
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-(3T^ 2 .4+Tf 42 )jL R 


■^p-zz^aa) — ^2 { 12 J 2 - T ?50 — (2(2c~Ag + -—T 38 -Tf 44 ) cr + (24 -jj- Tg 


r 2 

Au 




i— T? 4 o + Tv 


Afz 


2 

5 V 9)J c 2 } if Bq” (-Mg ;M W ,M W 


t 1 148 _r 1 145 
Azz 

i { 12 XT T ‘ 50 " [ 2 (8c4 -^ + £ T 154 + T fsi) f 2 + (24 4- T? 


- T? 55 - T? 47 V 9 )] c 2 } ^ Co (-Mg, -Mg, -Ml; M w , M w , M w ) 

- ^ { 12 jT- T 15° - [( 24 T3T T't - ^ T?48 + Tf 45 V 9 ) + 2 (A Tj 8 + Tf 49 ) c 2 ] c 2 } J 


X Bq” (—Mg ; Mw , Mwj 

I X 2 

- ^ {■8' t m c 4 + [ 4 T‘g c 2 + (Tg W 19 *g v b + T 9 W 19 a, 2 v t - 3 W 47 )] s 2 
+ 2 (- ^ Tl52 + T M6 V 9) } ^2 

- 1 {l2 [(3 — Tg v b )] - [(T 8 W,8V b — 3W 22 )+ 2(Tg W 2 4 v b —3W 4b )c 2 ] c 2 } Jjg 
x Co (-Mg , -Mg , -Ml; M b , M b , M b ) 

+ 1 {12 [(3 - Tf v b )] jL + (Tg W 18 v b + 3 W 2 i) c 2 } ^ ,r b Bg° (-Mg ; M b , M b ) 

- -L {12 [(3 — T d s v b )] ~ + (Tg W 18 v b + 3 W 2 i) c 2 } ^ ,r b Bg n (-Mg ; M b , M b ) 

- -L(l2[(3-T^v t )] [(T^W I gv t -3W 2 2) + 2(Tj!w 2 ov t -3W 23 )c 2 ] C 2 }^x t 2 

x Co (-Mg , -Mg , -Mj ; M t , M,, M t ) 

+ ^ {12 [(3 - v,)] + (T 9 W 18 v, + 3 W 21 )c 2 } ^ a, 2 Bj? (-Mg ; M t , M t ) 

II 2 

- — {12 [(3 - Tt V,)] -g- + (T 9 W 18 V| +3W 21 )c 2 }XA, 2 Bjj” (-Mg ; M,, M t ) 

- l(c 2 A 2 -2Tf 53 )rL R 


■^p”zz( a zz) — — 


Je I 24 i T > 67 + [ 4 (8 “ 3 XIX T ‘ 6?) i + ( “ XXX T ‘ 67 + 3T « 4)C 1 


Xfz 


X BiS"(-Mg;MH,M H ) 

^ Je i 48 XT T ‘ 67 + [^ (12 £ T 163 +T '6 7 W?c2 ' r H - 4T? 67 W 53 )c 2 


JC 2 

+ 24(—2 £- Tf 67 +Tf 63 ) ^-] c 2 } i.vg Co (-Mg , -Mg , -Mg ; M H , M z , M H ) 

■ i { T ‘« 4+ [ ( xxx T > 67+3 xxx ~ t ‘ 77) ] c2 *« } ? a °” (Mh) 

+ i { T ‘ 64 V9+ [ ( i T ‘ 67+3 xxx ~ T M c2 ) h a ° (Mz ) 

2 

+ gj {Tf 65 V 9 + [(JL Tf 79 + T?„ + 2Tf 76 ) + (21^2 W 19 ^ v, 
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+ 2T? 12 W 19 * 2 V b + 3U 2 W 19 + 2 + 3U 4 W 19 4) c 2 ] c 2 } 2 


— {[6 4 c 8 ^(^Tf 71 +2 — Tf 82 -T 


182 1 174 


-2T 


175 


v 9 )]< 


12 [(2Tf 58 + Tf 69 ^)] 2 Co (-M 2 , -Ml, -M|; M w , M w , M w 


£ 


_ 128 ^ 4T ?oocVh - (— ^73 + 2- Tf 8 i + 2Tf 70 v 9 + Tf 72 ) c 


o A 173 1 ^ i 1 181 ' 

Azz Azz 

12 [(2T? 58 + Tf 69 ^)] 2 -} 1 BJS” (-M 2 ; M w , M w ) 


- 2g {- [Tf 67 W 9 cV H +2(36 A _ 6 A Tf 67 .4 - 3 A t? 59 + T? 60 )] c 2 *l 

X 2 1 

+ 8 ( T ™ + T ‘ 59) } ? Co (-*S > ’ - M i ; M Z , M H , M z ) 

- { [ 2 (- 6 ^ T « 7 ^h + ^Tf 62 + 3Tf 66 ) - (-^L T f 67 + 3Tf 63 )c 2 ^] e 2 

+ 8 [ (9 i t ‘ 6 > +2T M i} i b °" (- m| ; Mh • Mz ) 


+ i (t 12 ( %_ T ‘ 67 '^~ W52)+( £ T ‘ 67 ” T ‘ 7?) c2 - v »] c2+4 ( i T ‘ 8 ° +T > 64 V9) } ■ 

x B[f(-Mft;Mz,Mz) 

+ ^ g {-[(- 3 ^ U7 + 2 T 42 w i 8 Vt — 3 V 9 U 2 )] c 2 + 12 [( 2 T f 2 v t + 3U2) ] 2 -} 2*1 

X B{j” [—Ml ; M t , M t ) 

- ^ [(-3 ^ u? + 2T ^ 2 W 18 v ‘ - 3 v ,U 2 )] c 2 + 12 [( 2 T& v , + 3 U 2 )] 2 - } 2 *2 


X Bjf [-Ml ; M,, M t ) 

+ 2g {- [(-3 2- U 8 + 2T? 12 Wig v b - 3V 9 U 4 )] c 2 + 12 [(2Tf 12 v b +3U 4 )] ^ } 2*g 
x B»"(-M 2 ;M bi M b ) 

- {- [(-3 2- U 8 + 2T? 12 Wig v b - 3V,U 4 )] c 2 + 12 [(2T? 12 v b +3U 4 )] 2- } l*g 
X Bjj n [-Ml- M b , M b ) 

- | [(3 _L U9 +2T 42 W 18 v t - 3 V 9 U 2 ) + 2(2T 42 W 20 v, + 3Ui + 6 U 2 W 19 * t 2 ) c 2 ] c 2 
+ 12 [(2t £ 2 vt + 3U 2 )] 2- } 2 x{ Co [-Ml, -Ml , -Ml ; M t , M t , M t ) 

" lk { [ (3 Ail Ul ° + 2T 112 w ‘8 v b - 3 v? u 4) + 2 ( 2T 1 12 W24 v b + 3u 3 + 6U 4 Wl9 jcg) c 2 ] c 2 
+ 12 [(2Tf 12 Vb + 3 U 4 )] 2- } 2 x l c 0 [-Ml , -Ml, -Ml ; M b , M b , M b ) 

“ |l2 ^(2Tf 58 + Tf 69 xg)j ^ 2 “ + (^^— T f 73 + 2-^—T‘/ 8 i +Ti b8 + 2Ti 70 V 9 )c 2 ,rc) 

X Bg n [-Ml ; M w . M w ) 

_ 22 c “-vS +4Tf 56 ) Lr 


HWW Amplitudes 
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•^5fww( a <»tv) — — X17 - V 6 - — V14LR 

- A Vis*b «o“ (Mb) - A V^x 2 a «» (M t ) - A Vl7 Bg" (-M& ; M t , M b ) 

■^SfwW^tA) = - jg V 6 - — V 14 Lr 

- ^V l 5 4 al* (M b ) - A V 16 x?ajj" (M t ) - A V 17 B{f (-M& ;M t ,M b ) 

^I?;Ww( a 4>bv) = ^2 Xl7 — Y6 Vfi — 32 ^ V14 Lr 

- A V 15 -vg 4" (Mb) - A V 16 xr«0" (M t ) - A V 17 Bq” {—Ml ; M t , M b ) 

^D 1 fww( a *bA) = 3^ X 17 - ^ V 6 - 32 Vi4Lr 

- A Vi5*j; tfg n (Mb) - A V 16 x?^ n (M,) - A v nBo° {-Ml ; M , M b ) 

^D n ww («*v) = - A B»" ( -Ml ; 0,0) + A (1 - 3 Lr ) 

5J)’ f ww( a <>iv) = Bq” {—Ml ; 0, 0) + — (1 - 3 Lr) 

■^S’ww^ia) = _ "[^ B o” (-Mw;0,o) + ^( 1_ - 5 Lr) 

= 32*? (1 ~ Lr) 

^ x 2 

+ — V 18 Bg“ (-Mg ; M t . M t ) 

lo A ww V / 

- A W 54 x t 2 BS” (-m& ; M t , Mb) 

- A W 55 x 2 Co (-Mg , -Mw , -Mw ; M,, M b , M t ) 

'^iAww (^b<j>) = — 32 X * 8 + 32 ^ — l r) 

3 ^ 

+ TT V '8 B 0° (- M H ’ M > ’ M 0 
lo Aww x ' 

- A W 54 ^ Bg n {-Ml ; M,, M b ) 

- A W 55 x t 2 Co (-Mg , -M^ , -Ml ■ M,, M b , M t ) 

■^Sfww (°t bw ) = - -j^g cxg x t 2 

- j|g •*? 4 «0° (Mb) + Ag cx 2 x* ag n (M,) 

+ A c ^^Bg" (-Mg; Mt, Mb) 

+ A V 22 cx? ^ Co {-Ml , -Ml , -Ml ; M b , M t , M b ) 

+ Ag W 56 cx, 2 Bjf (-M& ; M,, Mt) 

- AgW 57 cxfBg n (-M 2 ;M t ,M t ) 

+ A w 58 cxr Co (-Mg , -M|, -M& ; M,, Mb , M t ) 

■^D; f W ( fl tWB ) = - TXX *X^ ■*? 
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op-nfc 

^D;WW 


■ j|g ^ 4 4 4° ( M b ) + ^ *4 4 4” (m ) 


+ *44 B o” {-Ml ; M b , M b 
+ If v 22 *44 Co (-Mg , -M$f , -Mi ; M b , M t , M b ) 
+ W 56 i4 Bq” {-Ml -,M t .M b 


128 


W 57 *4 Bj; n {-Ml ; M,, M, 


+ 4 W 58 Co (-Mg , -Ml. -Ml ; M t , M b , M,) 


1 

32 

3 


4?;Ww( a bBw) — cXig + — V6 cLr 


— c4 4 4" (M b ) + pg eX “ ^ ^ a °° 


128 

3 


-V 2 3c4K{-Ml;M b ,M b ) 

+ |f V 24 c4 Co (—Mg , -Ml, -Ml ; M b , M t , M b ) 


- ^ W 59 c4 Bg“ {-Ml ; M,, M t ) 


-Vo 7 c 

128 

_3 

32 

+ flff w 6° c Bo” {—Ml: M t , M b 
+ |f W 61 c4 Co (-Mg , -Ml. -Ml ; M,, M„ , M t ) 


^Sfww ( a b WB ) — 32 ^9 ^6 ^Lr 


32 


- j|g *4 4 4° (M b ) + 2^ *4444” {m, ) 


128 


V 2 3^4 Bo” (—Mg ; M b . M b 


+ |f V 24 *4 Co {-Ml , -Mi , -Ml ; M b , M,, M b ) 


^T28 V27i 


4w 59 i4Bi5 n (-Mft;M t ,M t ) 

-|^W 6 oiBj; n (-Mi;M t ,M b ) 

|r W 61 *4 Co (—Mg , -Mi , -Mi ; M,, M b , M t '' 
64 \ > 


;>nfc 


/■ («<i»b) — yg 


+ I V 1 - VoBj” (-Mg ; Mg , Mg) 

- 1 1 -V 0 Bo n (-Mi ; M w , Mg) 

o A\vw ' ' 

+ | W 62 C 0 (-Mg , -Mi , -Mi ; Mg , M w , Mg) 


(«*□) = — YY 5 ? Xl9 ^ 96^4” (Mw) 

-44( 1 °3+ 12L R)-4| + 2 I | T f 88 L R 

+ A v 0 4 Co” (—Mg , -Mi , -Mi ; Mw , 0 , Mw) 
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-V!4«0 n (MH) 


- ^ w 64 B{f (-Mg ; Mh , Mh) 

+ ^ W 65 Co (-Mg , -M^ , -M^; M h , M W , M h ) 


— W 66 BS n ^M^;M w ,M H 


- Wg 7 Co (-Mg , -Mw, — m\/ ; Mw , Mh , Mw) 

- 3s[4<> + (23 4' 5 - 2Ti '-' K 1 7 b “(-"»*’ Mz ) 

+ i [ 2 4 ^’ +( 23 4 ^ +t! » )22 ] ? BS '(-" SiMz '" z ) 

2 

7^8 ( c2iW «^ + [ (_ T ‘ 92 + 2 1^4 T ‘ 94 + 2T M } h B «” (~ M » ; Mw - Mw ) 

+ 4 { 2 4 T M 9 ‘ V - - <- 23 4 ^ +22 4 ^ 

x Co , — Mw , —Mw; Mz , Mw , Mz^ 

~ i { T > 84 c2 + [ (23 44 _ 2 i T ‘ 94 _ 2T ‘ 9i) ]) ? 

X Co (-Mg , -Ml , -M 2 ,; Mw , Mz . M w ) 

5d ■ ww («*d ) = - 3 ^ Xzl + 3^2 ? X2 ° 

+ ^4«o” (Mv) + ^ 4Ifnaf ("z) + ^\i 4(*h) 

+ 414 ^ + <4^ +2T4 « k ’l ? Bf (-■* ; - * ,z ) 

- @4 [< T ?» , - r » + 2T J»1> 4 - PV2 - 2T ?»)‘'"j Jt 

x Co f—M^ , —Mw , —Mw ; Mw , Mz , Mw^ 

2 

- 3^ {8c4w 7 i + [(4 44 T& 9 + Tf 23 Wa)] } 4 Bg” (-M 2 , ; M w , M H ) 

20^8 { 16c2 iW ™ + [ ( ~ 4 T217 + T220 ^ +4 T " 13 ~ T “ 6) ] ^ } ? 

x Co M^ , —Mw , —Mw ; Mh , Mw , Mh^ 

+ i { 16c2 * w » + [ (2T - - i} ? b? (- m « ; Mh ’ Mh ) 

- 61^4 ( 2 X4^ T “ 2 + [ 9T218c4 *» “ ( 3“ T228 +2T M c2 } ? 

x Co (-Mg , -Ml , —Mw ; M z , M w , M z ) 

- 4 { 2 4 ^ + 4‘ 35 -«'4 ^ z+ ^ >1 4 ) ? B ‘‘ ^ ^) 

+ 644 { [ 144c2 4 + (^ T 2i 2 4+2Tf 10 )] C 2 + [(2Tf 01 +Tf 04 4)] ^ 

xBiJ n (-Mg;Mw,Mw) 

+ 2S8 (16f4,r «” T205) 4 LR 


“ M Ad 4 -^212 4 + 2 - T Z 2 4 Xg -2Tfi 6 V 0 +Tf 2 l4) 3 

01 t’t- A\vw A\VW C 
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x Co f—M^ , — Myj , — Mi; M\y , Mh , Mw^ 

+ ^ (T^oo 4 - 2T^ 14 ) 1 Cg n (-M* , , -Mi ; M W , 0, M W ) 

“ 6144 (T 2 22 " T 225 ^ ^ 

n f c , . 1 1 o 

^D;WwKz) = 23 - 256 50X11X22 

- i ?* 24+ Te 7 V39X25 + hr 7 T ** x » a ° (Mw) 

- ^-V 36 ic4ao n (Mh) 

+ 2k [ 48c2 ^ + 77 T240 V28 + T23?) ] 7 X “ Co (~ M “ ’ “ M w ’ ~ M w ; Mh , Mw , Mh 

+ gg ^12 s 2 c 2 a„ - (T 258 a^ - 2T 259 )J - Co" Mh , -Mw, -Mw ; Mw , 0, Mw) 

+ 1 [2 (c 2 A 2 - Tf 32 ) C 2 - (^1- Tf 8 - V,)] J Bq” (-M 2 ,; 0, M w ) 

" i { 2 i' 1246 + [ 6 ( " 2 J H + 2T 2 2 9 } 'e 2 4 + ( Tts + T255)] c 2 } 4, 

X BS n (-Mft;M z .Mz) 

^ i { 2 xi 1247 + i 3 T257 c4 +(1245+2 T25o) ] c2 1 7 

x Co {-Ml. -Mi , -Mi ; M z , Mw , M z ) 

+ 3S4 (77 T248 ” [77 1252 c2+2 (3T233X » ~ T253 + 12 V9) ] c2 } 7 


x Bo” ( —Mw ; Mw , M z ) 


4{l2V 40 c 2 .4 + [(4^ 


x Bq 11 (—Mw ; M w , M H 


—1139-4-ll«4+21^)1} £ ) 

■WW %W J c 




x Bq 11 ( —Mh ; M w , Mw 


+ i { [ %c6 *» + ( 2T 254 -Tf 56 A 2 )] c 2 - (Tf 42 4 +2Tf 49 ) J -} 7 
x Co M^ , —Mi , —Mi ; Mw , Mz , Mw^ 

+ i { 2 N + ^ " 2T 23 o) C 2 -4] C 2 + (,-j- Tf 31 - V 9 ) } 4, 
x Co (-m£ , —Mw , —Mw ; M z , M w , 0 ) 

+ 3 ^ { 2 [ T 8 + (c 2 4 - 2T 230 )c 2 .4] c 2 + (Tf 31 - V 9 )} ^ 

X Co (-M^ , —Mw , -Mi ; 0, M w , M z ) 

+ i ( ^ cV « ) 7 

- (12 i 2 c 4 .v 4 + 3 Tf 34 + 8 Tf 35 c 2 a 2 ) -ij L r 

“ ( 2 T^ _T 236-* : h + T^“ T 240 x h + T 237’ V 38*i -4T 238 ) - 

/DO A\yw AwW C 

x Co M^ , —Mi , —Mi ; Mw , Mh , Mwj 
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+ 4r (T“ T^Vq + 6 V 40 c 2 ) - x 2 Bg" (-Ml ; M H , M H ) 

ZDO A\vw C \ / 

- T ^(3Tfoo4-4Tf 41 )Z^(M z ) 


a? nfc 
^D;WW 


(“aa) = y;S 2 X 2 7 - — S 2 XgX 26 + - V 3 9C 2 X25 

- -j^ 2 '4ao n (Mw) 

-^^ T 7 V 3 6 4"(M Z ) 

1 ^ T rf 

64 ? 1269 

- ^ V 0 s 2 x 2 Co (-Mg , -44 , -34 ; 0, M w 

- ^V 36 i 2 A' 2 ag n (M H ) 

+ iv 39 c 2 dir' 4) 

O 


,0 


- W 73 A 2 A' 2 Bg" (-Mg ; Mh . Mh) 

+ ^ W 74 r xg Co (-Mg , -Ml , -Mi ; M H , M w , Mg) 

+ -L W 75 a 2 Bg" (-M 2 ,; M W , M H ) 

+ ^ W 76 i 2 Co (—Mg , -Ml , -M 2 ,; M w , M H , M w ) 

_ 1 { c 2 sW 72 + [(21$, + Tf 60 a 2 )] } 4 Bg" (-M 2 ; M W , M W ) 

+ J {^ 2 4 + [(2Tf 07 - Tf 70 4)] } s 2 Cg" (-M 2 , -M^ , -Mi; M W , 0, M w ) 

+ 75{*li^ + h' V;+2, -3i Tf ” +T " ) ]'’)? B! '(-'"» i, ' z '" z 

- 53 {4 c! + ^ - 2T ^“>] c ’} 7 Bf ; ' Mz ) 

+ s{ 2 4 1 “ + [l^ T “ 2 3 11 » , 4+2Ti,)7]<V}l 


x Co (-Mg , -Mi , -Mi ; Mz , M w , M z ) 

+ 64 { [ 8c4 4 + ( T 265-4 “ 2T 266)] cl + C*H + 2 T 77) } pT 


x Co (—Mg , —Mw , —Mw ; Mw . M z , Mw) 
+ i(4-2cVBg"(-Mi;0,M w ) 

- ^(3s 2 c 2 x 4 -22Tf 9C 2 4-Tf 67 )iL R 


^D %W ( a ZZ) — pp X29 — -jpg c2 J H x 28 + pp A 2 X20 
+ ^ 2 f 2 Bg"(-Mi;0,Mw) 

+ 44 T 7 V 3 6 «g n ( M z) 

- ^Tf 95 x 2 flg"(M w ) 

- 4 V36c2j H a O°( MH ) 

+ [ 8c2 - v h + ( Aii T ‘ 95 V2S “ T29o) ] ^ Co (~ M h , -Mi , -Mi ; Mh , M w , M H ) 
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+ ^ [ 2 c 2 4 - (T? 95 4 + 2 Tf 87 )] 4c|j" (-M 2 , -Ml , -M 2 , ;M w , 0 , M w ) 

+ ^ [Tf 82 -2(3c 2 x 2 +2Tf 75 )c 2 .4] ^L R 

- Jj [2V 40 c 2 4 + ( 7 ^-Tf 95 4-4^-Tf 88 -2Tf 90 )] B g" (-M 2 ,; M w . M H ) 

+ {' A ^^ 277 _ — 2T 286 )c 2 4 + + T 285 )] C 2 } ^4 B o” ( _ Mg ; M Z , Mz 

+ li f 2 ^ 127 ^ [ (16c4 ^ "^" T 28 i)^ 2 -^h - (-^Tf 92 + 2T^ 84 )] c 2 } 1 
x Co (-Mg , -Ml , -M^ ; Mz , Mw . M z ) 

~ i { i' 1279 - [ T ‘ 95 c2 “ 2 (T272 ^ " T283) ] c2 } ^ Bo' (- M w; Mw, Mz) 

- ^ { [2c 2 4 + (Tf 95 W 77 .4 +2T 289 )J c 2 - (Tf 71 4 +2Tf 74 ) ^-L} 1 

XB?(-M^;M W ,M W ) 

+ ^ { [l6c 6 4 + (2T 273 -T 280 .cg)j cr - (T 7 4 +2T 274 ) ^4 

x Co , — Mw, —Mw ; Mw , Mz , Mwj 

+ T 377 (;-Tf 95 + 2 --T29i^h — 4T 289 + T 290 V 38 *H ) 

IZo A\vw A\vw 

x Co r— My[, — Mw , —Mw ; Mw , Mh , Mw ^ 

- Y5g ( X^7 T 195 Vo - v 40 c 2 )4 Bq” (-M 2 ; M H , M H ) 

“ P8 ( T 153 c2 ' l H + T 276) ^2 


3 Sfww ( ren ) — 22 Xso 

5p“ww (at*) = ^ W 78 4 4 4° (Mb) - ^ W 78 4 do" (M,) + 2 L W 79 4 

- ^ W 80 4bJ5” (—Mw ;M t , M b ) 

+ W 8 i 4 Bq” ( — Mg ; M t , M t ) 

- ^ W 82 4Co (-M 2 , — Mw , -Ml ; M t , M b , M t ) 

^pfww(“bt) = W 78 444° (M b ) - ^ W 78 44” (M t ) + A W 7 ,4 

- ^ W 80 4 Bg n (—Mw ; M t , M b ) 

+ |^ w 8l4 B 0 n (-Ma ; M t ,M t ) 

- ^ W 82 4 Co (-M& , -Ml , — Mw ; M t , Mb , M t ) 

^pfww ( fl tBw) — jg j—“ c -*b ®o" * M) ? 

3 ^ 

+ y—- W 87 cC 0 (-Afg , —Mw , —Mw ; M t , M b , M t ) 

34 Aww ' ' 

- 

- ^ W 83c44 fl o"( M b) 
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— W83 C*X”(M t ) 


+ ^W 84 c* 2 Bj5"(-Mg;M t ,M t ( 

- Jj w 85 c* 2 *g Co (-Mg , -Mg , -Mg,; M b , M,, M b ) 

- ^W 86 c^Bg”(-Mg,;M t ,M b ) 


3 a 2 

^ww( fl twB) = 77 iBg n (~My {; Mb , Mb'] 

10 Aww \ / 


3 j* 2 

+ ^T^ W 87-*Co(-Mi 
jL A\vw \ 

- ^w 83 sxr 

- ^W 83 ^^ao°(M b ) 
+ ^ W 83 sx} ao° (M t ) 


Mg,, -Mgr; M,, M b , M t ) 


+ — W 84 s* 2 B“” (-Mg ; M,, M t ) 

- ^ W 85 sxg.rg Co (-Mg , -Mg,, -Mg,; M b , M,, M b ) 

- A W 86 s* 2 B{f (-Mg,; M,, M b ) 


^P;Ww( fl bBw) — — ^ W88C^ flo" (M>) 


64 


W 88 c^^ n (M t ) 


-- W89 c 


^W 90 cx?Bg"(-Mg;M t ,M t ) 


+ S W 91 cBS” 


-Mg,; M,, M b 


+ A W 92 c*gC 0 (-Mg , -Mg , -Mg ; M,, M b , M t ) 

- A W 93 cxj; Co (-Mg , -Mg , -Mg ; M b , M,, M b ) 

- ^ W 94 c*g Bjj” (-Mg ; M b , M b 


^pfww ( fl bWB ) — — ^ ^88 SX^ a.Q n (Mb ) 
+ ^ W 88 s x, 2 Qo” (M t ) 

- Aw 89S 


^W 90 s^ 2 B|i n (-Mg;M t ,M t ) 

4- W 91 .vBg" (-Mg ;M t , M b ) 

^ W 92 sxg Co (-Mg , -Mg , -Mg ; M,, M b , M t ) 
4- W 93 sjg Co (-Mg , -Mg , -Mg ; M b , M t , M b ) 
^W 94S4 gB|S n (-Mg;Mb,Mb) 


^■WW^b) — — W78<2() n (Mw) 
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+ T7 W 79 

16 

+ yg W 95«o” (Mh) 

+ | T W96Bg”(-Ma;MH,M H ) 

- ^ W97 Bq” (—Mw : Mw , Mh) 

- ^ W 98 Co (—A4 • -«w . -«w ; M h , M W . M H ) 


■3p’ww( a ta) - pf T 309 W 78«0 n (M z ) 

+ ^ ? T 297 W 78ao° ( M w) 


^ ^ „2 rjfin j 

90 5 “0 I 

Z Aww 


-A% ; 0, Mw ) 


- ^4 w 95«o" ( m h) 


-^W 10 2BS n (-Mw ; M Wi MH 


256 

1 


W 10 3 Bq” ( —Mg ; M h , Mh 


+ W 104 Co (-Mg , -M^,, —Mw; M w , M h , Mw) 

+ 2jg w i05Co (-Mg , -Mw , -Mw ; Mh , Mw , Mh) 

+ i [ 4c2iW l0l + (^Tf 98 +Tf 99 V 9 )] 1 

- {+ sW<,9 - v h + f(- 12 S~ Tfos - T 306 - 24 +- V 

ZJO v L Aww Aww A W w 

+ 22 j±- Tf 5 + 2T^ 96 V 9 + Tf 07 )] } 4 Bo” (—Mg ; M w , M w ) 

- + {7c 4 sWioo - [(12 +- Tf 04 - +- Tf 05 + 5Tf 95 V 9 )] } ^B? (—Mw ; M w , M z ) 


293 


+ 


1 


256 

x Bo” ( 

1 

” 256 


{? [(12 A- Tf 95 + W 95 )| c 2 + 2 [(-12 J- Tf 02 

^ L Aww -* L Aww 


^w- 

-Mg ; M z , M z 

x | 

I, n T , 

Aw 


1 

Aww 


Tf 0 i+5Tf 8 V 9 )]}i 


r2 

I 

196 + 1- 1 312 “ 

Aww 


1 311 


-12 — it, 

Aww 


1 

Aww 

_*H 

Aww 


1 303 


+ 5Tf 94 V 9 )] } ^ Co (-Mg , —Mw , -M& ; M z , M w , M z 


1 Xu 4 , 1 , 1 , 

— (84 -f- +7 + 24 — Tf 93 - 2 — T d 3 

ZJO Aww A ww Aww %w 


-10Tf 94 V 9 -Tf 13 )- T 


x Co (—Mg , —Mw 1 —Mw ; Mw , Mz , Mw) 
5p)ww( a 4>D) — —t ■j-Tf 2 BS" (-Mw ; 0. Mw) 

4 A W w ' 7 

+ W 107 C 0 (-Mg , -Mw, —Mw ; M w . M h , Mw ) 

- + Wl08 Bjj” (-Mg ; M h , M H ) 

+ Wio 9 ao“ (Mh) 

- + W 110 Co (-Mg , —Mw , —Mw ; M H , M w , M H ) 

- + W m B“” (—Mw ; M W , M h ) 
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arnfc 

^PjWW 


i[ c2iW95 + 2( i T --^V 9 )]^?(Mz) 


+ (rf 3 i '^Wioo - 2 (12 T 3 29 - ^ Tf 30 + T i 21 V 9) ] 2 Bg" (-M 2 , ; M w , M z 
__L{ 2c 2 ,W 106+ [( I i-T- 21 + 5T f 15 V 9 )]}^ 


+ { 3c 2 s w 99 .v2 - [(60 A- + -p- Tf 18+ 48 J- T 316 - 8 J- 

L “\vw A ww Aww A WW 


A£« 


rd 

l 229 


■8Tf 14 V 9 —Tf 19 


)]}^Bg n (-M^;Mw,M w ) 


2 

{2 f( 12 T f 95 + W 95 )l c 2 + [(-12 2-Tf 24 - J- T^ 22 + 5T^ 8 V 9 )j } -j 

256 v L Aww -I A«fw A^w \) c 


X Bg n (-Mg;M z .Mz) 

+ ^7 { 2 [lU 2 4-'Tf% + i-'Tin - T332)l c 2 - [(- 12 J- Tf 26 - J- T 

ZJO A. L Aww Aww -* L Aww Aww 


d 

328 


+ 5Tf 94 V 9 )] } 2 Co (-M &. -Mh , -Ml ; M z , M w , M z 


+ (60 IT- + 5 T^- T 8 + 48 T 316 - 8 T— 1? n - 8 T 294 V 9 - T* 33 ) -j 

OAZ ^WW A\vw ^WW A WW C 

x Co (—Mg , — Mw , —Mw ; Mw . M z , Mwj 

+ ( ~ x~ T22 ° +5 T ‘ 44 Vs) ? a ° n ( Mw) 


( « az) --2 scX 3 i _^ X25 

3 4 


- t- 5- VoicCo f-M 2 , -Ml , —Mw ; M H , M w . M H ) 

o Aww V / 

A -c 3 dM 4) 

8 5 

i V 0 s 3 cCg” (-Mg , —Mw , -Mw ; M w . 0, M w 
W„ 2 ic.4Bg”(-Mg;MH,M H 

— W„ 3 icBg” (—Mw ; M W , M h ) 


4 

64 

1 


— Wn4^cCo (-Afy , -Mw , -Mw ;M W , M H , M w ) 
Wn5icag” (M h ) 


64 

1 

32 


- TWW 1 12 T —s 2 c 2 + —— T 351 c 2 + (24-,— T 352 - 2--T 356 + T 346 


128l/“Aww lww A£ w *" 4 "A w 


- 2T 


350 V 9 + 24 V 92 )] Z Bg” (—Mw ; M W . M z ) 


+ s [j^' v - ( - 2 4 t? » + ^' +2T '» v »>] 

- 4 [('is T J-ii 3> +T;,v,)+{6 r !-g s ,+5'n;c , )« ! l 4 

AO L A ww Aww J c 

x Co (-Mg , -Ml , —M^,; M z , M w . M z ) 

- i 4c2 4 - f( 12 T 54 + T^-T354 - 24 Tf 55 + 6 j2- T( 

IZO L A ww Aww Ay^w Aww 

+ lOTgg V 9 - T 335 )] } S - Bg” (-M 2 ; M W , M W ) 

+ t L{32 C 6 , 2 - 12 ^-. 2 -[(3 : 


d 

334 


L 343 " 


^w\s 
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^nfc 

^P;WW 


+ 10Tg 8 V, - Tf 40 )] } A Co (-Mg, -A4 , -M&; M W , M Z , M W ) 
xBg n (-Mg;M z .Mz) 

+ i {' 2 [ 2(2 - c2 ^ )c2 + ( i T « 8 “ 3 V 9 ) ] c2 + 3 ( j |- T 23 1 - V 9 2) }^ 
x Co (-Mg , -Mg, , -Mg, ; M z , M w . o) 

+ ^ {-2 [ 2(2 -)c 2 + - 3V ,)] c 2 + 3 - v 92 )} ^ 


X Co (-Mg , -Mg,, -Mg,; 0, M w , M z 
x 2 


16 


1 2 “T 1 342 




■(t- t 

Aww 


338 ' - 


3V9) ] c2+3( i|r T88 ~ V92) }? 


X BS n (-M^;0,Mw) 

^i( 1+2 I^ T M8+ 2T noV9); 

JZ A\vw c 

+ ^ (xW 78 + 12 Tf 8 ) A B «” (-Mg ; 0, Mz) 

-^(3x 2 c 2 4+2T^ 7 )1l r 

+ TT ( -2 1- T 347 + T 88+ 2T 345 V 9) “ a o“ (Mw) 

jz Aww c 

1 2 1 2 

(flAA ) = - ^ c X 25 — — .V - X 32 

+ i x 2 xg Co (—Mg , —Af^r, -Mg, ; 0, Mw , 0 ) 

3 *2 

- C V o s 2 Co M4 :-M^ ,-M^ ; Mh , Mw , Mh 

o Aww ' / 

- 2 . V 0 x 4 Co” (-Mg , -Mw , —Mw ; M w . 0, Mw) 

1 7 

- ttWtox* 

16 

- W^x 2 Bg" (-Mg ; M H , Mg) 

+ ^ w i 13 x 2 Bg" (—Mg,; M W , M h ) 

+ — Wii 4 x 2 Co (-Mg , -Mg,, -Mg, ;M W , M H ,M W ) 

- ^W 115 x 2 ^”(M H ) 

+ — Wn 7 x 2 ao“ (Mw) 

+ 5[ 5 ' ! '‘ +6 i^»‘ s+( - 18 i; T « + ^> v ’»]5i 


x Co 5 — -^w i — 5 M\y 5 Mz^J 

r ! -Tf 66 + Tf 6 3V9 + 4Tf 67 )| l 
Iww -* c 


64 


T^x'c' + O 2 ^ 
Aww A wv ^ 


- 

a 364 


x Bq” (—Mw ; Mw , Mz) 

+ 4; { c2lWll « - 8 [( 18 ^ - V9 >] } ? B «” (“ M h ; Mz - Mz ) 

- ^ {f 2 xWn6 + [(12 ^ Tj 5 + jL- Tf 57 - Tf 34 V,)] } J Bg” (-M 2 ; M w , M w 
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oT-nfc 

^P;WW 


+ 4 { p- ^ + [(( 4 Tfoe + Tf 62 )l } Bg" {-Ml ;0,M W ) 

o A\vw L A\vw J J \ / 

+ Si 8 ^ sV ^' 6v » t ‘ + [ (12 i r >> + i v ’»]} 7 

x Co M^ , — Myj , —Mw ; Mw , Mz , Mw ^ 

- ^ (3 * 2 4- 16T 29) L R 

+ ^ (-y^ Il 65 +2T^ +9V,) £ ^ (Mz) 

jZ Aww c 


1 r, 

(«zz) = ”ypC x 33 


3 ^ 

- 7 t^Vo^Co [-M^,-MI,-MI-M h ,M w ^M h ) 

o Aww ' 2 

- i V 0 / c 2 Co" (-Mh , -Mw , -Mw ; M w , 0, M w ) 

- ^ Wn 2 c 2 Bq“ M^; Mh . M H ) 

+ ^ Wn3 c 2 Bq” {—Ml ; Mw, M h ) 

+ ^4 Wll4c2 Co (" M h , -A^,, —Mw ; M W , M H , M W ) 


64 

- ^W 115 c 2 ao n (MH) 


+ ^ W 119 i 2 c 2 Bq" {—Ml ; 0, Mw) 

_ A[ 2c2+( i T278+T275V9) l? 

2 

- ^ k 2 ^W 120 - (- -p- Tf 89 - 12-4— Tf 86 + ji- Tf 87 + Tf 85 V 9 )l 

O^f L Aww Aww Aww J 

X B|5 n (-M^;Mw,Mw) 

- ^ hs + 4.V 2 c 4 + (-12 -±- Tf 76 - y-L Tf 70 + T ^ 69 V 9) ] 1 B? (-M 2 ; M z , M z ) 

- fi4 f 8 T"^ - * 4 ' 24 ^ 4T 390 c2 + ( 12 T 2 — ^81 “ T- T 383 + T 380 v 9)j — 

Of L Aww Aww Aww J c 

x Bo” {—Ml: M w , M z ) 

_ [ 2T 7 c 2 + (- y— Tf 82 + T^ 6 s V 9 )] pj «o° (M z ) 

_ 22 “ (“ ypp ^377 +T 3 ?4 V? )] ^ 2 a o°(Mw) 

2 

“ 77 I 8 y - 3 4 + [(“ 12 - 75 — Tj 86 + y-T 3 88 +9T 88 V 9 )j -8(2c 4 ^ - T 3 84 )c 2 ) — 

0-4- ^ Aww L Aww Aww J } c 

x Co M^ , —Mw , — Myj ; Mw , Mz , Mw^ 

+ i{[ (12 i T " 7i+ i T272 ' T: 

x Co {-Ml, -Ml , -M^ ; M z , Mw , M z ) 

-^(3c 2 .4+ 4t 88 )Lr 
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I Appendix: dim = 4 sub-amplitudes 


In this Appendix we list the dim = 4 sub-amplitudes for H —> AZ,ZZ and WW. 

1.1 H -> AZ 




MgM 2 


;Vt + i(l-4- 


M 2 


MgM 2 * 


4M w (Mg-Mg)c 8 Mg-Mg M w c 
1 MgM w M t 2 


v, Co (-Mg,0, —M|; M t , M t , M t 


4 Mg-Mg Mg-Mg c 3 

1 Mw Mg M 2 j 
4 Mg - Mg Mg-Mg ? 


v t BiS"(-Mg;M t ,M t ) 


v.Bii” 


-Mh ; M,, M, 


(231) 


1 M 2 M 2 5 1, 

' HAZ;L0 8 M w (Mg-Mg) c Vb+ 16 U 


M; 


Mg-Mg' 


, MgM 2 , 
M w 


-v b Cof-Mg.O,-Mg;M b ,M b ,M b 
c V 


1 MgMw 


M 2 


8 Mg-Mg Mg-Mg c 3 


v b BS” (-Ml; M b , M b ) 

- W H PUB), v b Bji n f-Mn ; Mb , Mb') 
8 M 2 -M 2 M 2 -M 2 c 3 °V H ’ b ’ V 


+ 1 M w Mg 


M 2 


(232) 


1.2 H->ZZ 


1 r - 

<z;lo = [2(! - 6e 2 )M w + (1 - 2c 2 ) 


M: 


Mw J M^ — M^ c 




m 2 -m| 


-2(1 — 4c 2 )Mw + (1 — 2c 2 ) 


x Co , 0 , — m| ; Mw , Mw , Mw^ 

+ b[ 2 (>-^)4^ + (.-^' m5 " w 


M^ Mw 
Mg-Mg 


]Mh- 


M W , „ „ 2, MgM w ] M{ 

M 2 -M 2 ' M^ — Mg-I Mg — Mg c 3 


M 2 -M 2 


M; 


M 2 — MgJ M 2 -Mg c 3 


-j Bq ( —Mg ; Mw , M w 
,M W 


1 B|, r ( Mg : ;V/ W 


(233) 


~^HZZ 


;NLO — 


+ 


3 r, ,,l 1 M W M 2 / . \ 

+ i|[- 4(1 - V ‘ 2)c4M ‘ +(1 - V ' 2)c4M h+ 2(1 + v ? ) c 2 ^+ 4(1 + v ? ) 5 L ]^ 

x C 0 (-M^ , -M|, -M|; M t , M t , M t ) 

+ ^^HZZ ;NLO 

®HZZ;NLO = -^[ 2 L R-( 1 + V b)] 


( 234 ) 
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+ i l c2 +(1+v ^ ) x 1 ] i jk Bi ” (~ M * ; Mb • Mb ) 

3 [(i+ v b)] 


+ 


32 

3 


M 2 

r4 Az 


1 MgM w / 

Bg” -M 2 ;M b ,M b 


4 - 1 


+ ii[ (1 ” Vb)c4M ^ 4(1 ~ Vb)Mbc4+2(1+Vb)c2 ^ +4(1+Vb) if]^ 

x Co (—Mg , -Ml, -Ml; M b , M b , M b ) 


+ ASS. 


^HZZ;NLO - ~ T a o” («w) Mw 


+ A (3(1 + 2c 2 )LrMw — (1 + 2c 2 + 32c 4 — 24s 2 c 4 )Mw — (3 — 4s 2 c 2 )c 2 Mgj -LI 
+ A [c 2 + 2(l + 8c 2 -12s 2 c 2 )^ + (l-4s 2 c 2 )^L] -^M w B»"(-M 2 ;Mw,Mw) 


L [4(l-2c 2 )c 2 +2(l + 8c 2 -12rc 2 )-^ + (l-4i 2 c 2 )^] ^-M w Bg n (-Ml ;M w ,M w ) 

Ml, M, 2 , 1 I / ? \ 

Bg n (-Mg;M z ,M z J 


1 , M i 


3 

64 ( 

1 

32 ( 


Az 


-2- 

Az ^ Mw c 4 

1 

M w 

7 A7 B ° V- 

/4"g 1 1 


2- • i 


+ -L [6(1 - 4c 2 -4c 4 )c 4 M^ + (1 -4f 2 + 12c 4 )c 4 Mg - 2(1 + 8c 2 - 12s 2 c 2 ) ^ 
32 L Az 


(1 — 4s 2 c 2 ) 


<Mg, 1 


-i-Afw C 0 (-Mj , -M|, -M|; M w , M w , M w ) 


1 , . 4 2,^2 1/f 2 4 . .4 4 2 \ 1 1 

+ -(4<-2c MwMg-c M 4 -—c -2^—c) — ? 

X Co (-Mg , -Ml, -Ml; M z , M H , M z ) 

Ml Ml 


3 0 2 . *2 K 4 2 1 

— -c z Mw + —c -4— - c z +4 ——) —r-- 

64 Az Az Az c 6 Mw 


X Co (-Mg , -Ml, -Ml; M H , Mz , M H ) 


+ ^^HZZ;NLO 


A^hzz;nlo = ^ (w[ I 4 | t + 2W^ t +4d^ 4) t ) 

A<z;nlo = ^ ^ Klb + 2W zl+ 4 <) 


—_ — («/ 4 ) + 2W^ — — 2di2”^ + 4di^ 4 ' 'l 

^^HZZiNLO — 32 c 2 ^ W H;W+- W Z;W Q - S M w ; W Z g; W + 4 Q ^ c; W J 


( 235 ) 


(236) 


(237) 


1 M 2 


' , HZZ.NLO= ^[( 1 +V?) + (1+V?)-^] 

+ ^ [(1+ ^ + 12(1+v;) ?« +(7 _*^4]l4,B f (-„ Sl „,,*,) 


Az J c 2 M w Ml 
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+ ^28 _ v t") c4 Mg — (1 + v ?) c “ M w +4(1 +V( )c 4 Mf + 4(1 +v t 2 ) — -j -— c 


12(1 +vf) 


2 M^, Mg 


+ (9 + v 2 ) 


m w m h +1 1 Ml 


A 2 ' v ' 12 A z J c 6 M W M 2 
X Co (-MJ} , -Ml , -M|; Mi , M,, M t ) 


,b 3 f,, . 2, , „ , 2l M Hl 1 M b 


-^[(l + ^) + (l+v 2 )^] 


Az J c 2 M W #S 




3 r -> o o o ol 1 0 \ 

+ 128[ (1+Vb)c +12(1+VS) ^^ + (7 " V S ) AT C_ ]?l^ B ' in (" Mi;Mb ’ Mb ) 


M W M 2 

' 2 - 1 M 2 


Az 2 

+ [2(l-vg)c 4 Mf l -(l+vg)c 2 M| / +4(l+vg)M b 2 c 4 + 12(l+vg) 

MlM 2 , „ MppMg 2 1 1 M 2 


M^Mg 

^1“ 


+ 4 (1 + v b ) 


- c 4 + (9 + vg) - 


c 6 M w Mj 


jaw 

HZZ 


, ^ 1 v ^ 1 ’ t) y i 

Az Az 

X Co (-Mg , -Ml . -Ml -Mb, Mb, Mb) 

;NL0 = -2- [(l + 2c 2 + 16c 4 -24rc 4 )M^ + (l + 2c 2 + 16c 4 -24i : . , 
(3-4^V« S+ ,3 


2 A , M W M l 




-2 [ 2 ( 1 + 8e 2 -12rc 2 )c 2 Mi,+24(1 + 8c 2 -12/c 2 ) 
128 


2 2 3 Mg 


(1-4, 2 c 2 )c 2 M 2 -(l-4 i 2 C 2 )^- C 2 + 12(l-4 S 2 c 2 )-" WJ ” H 


Az 2 

2 ja4 


m 4 m; 


- 2(15 — 8c 2 + 12s 2 c 2 ) 

1 


A| 

2 ~ 2 ' Mw M “ - 2l 1 1 Bq“ (-Mg ; M W , Mwl 


Az J c 4 M w Mg 
+ 2_ ( 2(1 + 8c 2 — 12i 2 c 2 )c 2 M^ +24(1 + 8c 2 — 12s 2 c 2 ) 


M 4 

(1 — 45 2 c 2 )c 2 Mh — (1 — 4s 2 c 2 ) -y^-c 2 + 12(1 — As 1 c 2 ) 
M 2 M} 


Ml Ml 

Az 2 

2 


,2 23 M W«h 


Az 2 


- M W 'W H zl 1 1 « / , \ 

2(15 - 8c 2 + 12s 2 c 2 ) — c 2 ] ^ ^ BX” (-M 2 ;M w , M w ) 

1 , , , , MiMfi „ Mi Mg Mi Mi 1 1 

4(4M 4 w - C 4 M 4 +^, 4 + 12^c 2 + 28^ii+24^ii)-l^- 


256 


X Bg n (-Mg;Mz,Mz) 


1 (A 2 u 1 4 u 2 M H 4 ,Mw M H 2 ..^wK 2 ,, M W 

+128 (4c M ^~ c Mfi+ A^ c ~ 4 ^^ c - 12 ^r c +16 x" 
<«+ 1 1 


3/2 fl/f4 




256 


Az 2 c 4 M W 
2 

H „4 

A; 


+ ^ (c 4 _"H c 4 _p^i c 2 + 2 4 < ) iX!i 

^ 1 ^ 2 Az 2 V M\ 


Az 2 


Bi5 n (-Ml;M H ,M H ) 


( 238 ) 


(239) 
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+ Tggr [(l-Sc 2 -44c 4 + 112c 6 )c 2 Mg+2(l-8c 2 + 28c 4 -48c 6 )c 2 M((, 
128 L 


M 4 M 2 


Mt, 


Ml M 4 


- 24(1 + 8c 2 - 12s 2 c 2 ) - (1 - 12c 4 + 16c 6 ) c 2 - 12(1-4s 2 c 2 ) 

Af Az Af 

A A M W Mg 2 I 1 M W / 9 9 -7 \ 

- 2 (17 - 4c 4 + 48c 6 ) i c 2 J ? -p- Co (-Mg , — M|, -M| ; M w , M w , M w ) 

1 . , . . , . Mil , M^M 4 , . MS,M!1 „ Ml Mr, 

+ ^ (8Ml +2c 2 Mfr - c 4 Mfi + — c 4 + 6 —-c~ + 12 c 2 +40- 


256 v ~.-„ . — -- - -n ' ^ “ Az " 1 “ A 2 “ ' Az 

M 4 , M(( 1 1 / , „ - X 

+ 24 - - 3 - Co -M 2 , -M 2 , -Mi ; M z , M H , M z 

A^ c M^y ' ' 

3 4 2 6 ,,2 6 . M W M H 4 , M W 4 2 .„ M wMg 2 

+ 256 ^' M w- cM ft + A7 c 4 ^ c+12 ^r c+8 ^r c 48 ^r c 

< 1 My / 2 2 2 X 

+ 48 if -.) ^ pr C ° (' M g , -Mi , -M 2 ; Mh , Mz , M H ) 


(240) 


1.3 H -> WW 




H W W ; NLO 


= (Mg +m 2 - Lr mI - l r m 2 ) — 


32 


+ 2- (M 2 ~M 2 + Ml)^-^- Bgr (-M 2 ; M t , M t 

+ (-Mg + Mg +M 2 ,) — — Bg" (-Mfl ; M b , M b ) 

3 , , M 4 Mg Mg M 4 M^Mg 

— 7 g (M b + M 2 — 2 + 4 t — — 2 -r-^- + 2 y — 

JZ Aw A\v A\v A\v 


M wMg 1 . / , x 


3 , „2 „2 „2 ,*b a M ' M b o M " 4 M W M b M^M 2 < M 2 
TT(—Mg+Mg +M^,+2-t 4 ; +2 -7 4 7 + 4 — +2 —) — 

jz Aw Aw Aw Aw Aw Aw mw 


X Co (-Mg , -M& , -Ml ; Mb , M t , M b ) 


3 , , , M 4 MgM 2 M 4 M^M 2 M^M 2 M 4 , M 2 

Tg (Mb — M 2 + Ml + 2 —— — 4 —-—— + 2 -Z- + 4 —y—— — 4 W ■ " W ' 

jZ Aw Aw Aw Aw 


+ 2 -r—) —— 

Aw Mw 


x Co (-Mg , -M&, -M^; Mt , M b , M t ) 

+ A ^ WW;NL0 


(241) 




HWW ;NLO 


= -4 fl o” (Mw) M w 


- — |^3c 2 Mh -3(l+2c 2 )L R Mw + (l + 34c‘)Mwj -j 

- 1 [c 2 - 2 (l + 6c 2 -16c 4 )^-(-c 2 + s 2 )^c 2 ] ^MwBj^-M^Mz.Mz) 

1 r „ „ MA „ Ml Mg M 4 I 1 z N 

+ A [^-c 4 + 2(1-3c 2 )c 2 -(1 + 5c 2 -24c 4 )^] ^MwBg" (-M& ; M w , M z ) 

+ ^ (M H- 2 M w)i^ B «"(- M H;M H .M H ) 

1 , M 4 M^Mg 1 , / , x 

- s ( - 2M » + 1 :- 4 — 1 B * -; ■"") 

^4 

- — (9c 6 Mg-2(l+4c 2 -28c 4 + 32c 6 )^+2(2-7c 2 -16c 4 )c 2 M^, 

64 L Aw 
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. Mw Mu -| 1 /ooo \ 

- (c 2 - s 2 ) 2 —jj--c 2 J ^Mw Co (-Mg , -Mw , -Mw ; M z , M w , M z J 


_j_ r M w M H 

64 


- 2 ( 1 - 22 c 2 + 8 i 2 c 2 )c 2 M^,+ 2 ( 1 + 8 c 2 )- 


Mj, 


- (1 + 8 c 4 )c 2 Mg] -i-M W Co (-Mg , —A4 , -M&; M w , M z , M w ) 

i A/ 4 i 

+ — (M 4 + 2M 2 , M 2 - 4M 4 , + ^ + 2—^——) — C 0 (-Mg , -M 2 ,, -M 2 ,; M w , M H , M w ) 

04 Aw Aw Mw \ / 

+ 77 (-^w + -r 1 - 4 — 5 — +4—) — c 0 -a£, -a4, -a4;^h ,m w ,m h 

64 A w A w A w A/ w ' / 

- i (Mg - 2M^) r M w Co” (-Mg , —Mw , -M& ; M w . 0, M w 

O \ 

+ A^ W 

' a "*HWW :NT.O 




HWW ;NLO — (M> +^t + ^ 


Mg Mg Mjg Mg s 


+ ^(Mg-Mg- 




Mg Mg Mjg Mg 
A w A w 
Mg Mg Mjg Mg 


1 

MwMg 

1 


Mg 


M 2 , M w Mg 

1 Mg 
M 2 , M W M 2 


4" (M b ) 
« 0 °(M,) 


3 / , .2 „ 2,„ 2 M 2 M 2 M 2 M 2 M^M 2 M^M 2 M 2 

| *' f 1 1 ---h 3 — -h 12 - 


+ gj(-Mg+M 2 +M^+ ^ 

Mw M^ Mg M^M 2 
12 . , +12 


As 


Mg 


A^ 


A 2 'M^M W M 2 


y B“”(-M 2 ;M t ,M t ) 


+ ^(Mg-Mg+MW-- 
+ 12 <^h } I M 2 


A 2 'M^MwM 2 


Mg Mg J» w m H 

■ + —:- +3- 


B“”(-M 2 ;M b; M b ) 


MwMgM 2 M^MgMg 
-12 + 12 - 


As 


As 


3 ,, IT Mg Mi 4 

- — (-M^ + 2MgMg-M3+Ms,Mg+MwMr + ^- 

o4 Aw 


MgM 2 Mg MgM 4 


+ 3 


Mw MjJ Mg 


12 M^M 2 M 4 | 3 M^M 2 M 2 | ^ ^ Mw Mg Mg Mg 


As 


As 


1 


M^MgM 4 Mw Mg Mg Mw Mg Mg . 

1 +--r 1 +- —x -r 1 1 --) —5 s- Bo 

Aw Aw Aw Af w M„ 


-A% ; Af t , A4 


^ (m 3 - 2MgM 2 + Mj 4 - 2M 2 ,M 2 - 2M 2 ,M? + M 4 , - 


H ™ b+ 2 MgM 2 M 2 M 2 M 4 


10 


m^m 2 m 2 


M^M 2 M 4 M^, Mg Mg Mw Mg Mg Mg 

12-—-h 6 ---h24 - 


Aw Aw 

M^MgM 4 


A^ 


A^ 


-12 


As 


. M((,Mg 


Mw Mj) Mg M(^, Mg Mg 
-24 . “ —- +24 - 


12 


KK , 

As 


A^ 

M 2 


4 


M 2 , M w Mg 


Co (-Mg , -Ml , —Mw; M t , M b , M,) 


+ — (M^-2MgMg+M 4 -2Ms,Mg-2M^Mg+M^, 


Mg Mj) Mg Mg Mg Mj) M 4 


■ + 2 - 


+ 6 


Mw MjJ Mg 


A£ 

M((,Mg Mw Mj) Mg 

5 — +! 4 ^3— 


M^M 2 M 4 M^,Mg Mg M 2 , MgM 2 Mg 

-12 -10 “ +24- 


A£ 


12 


M2,M 2 M 4 

As 


Mw Mg Mg M«,Mg 

-24 V . H -12 . ) 


Mg 


As 


As 


M 2 , M w Mg 


(242) 
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(243) 


X Co (-M^, -M^ , -M|,; M b , M ,, M b 

A — — M w ( \v (4) 4-2 W (4) — d ^ - 2 d 'Y 44 ^ 

a -^HWW;NLO — 32 MW ^ W H;t,b +ZW W;t,b Q -* Af w ; t,b ZQ - Z g;t,| 

A® w — — Mw +2W^ — dJ 4 ^ — 2diF^ 'l 

^-X'HWW;NLO 39 ™ W ^ VV H;W ^ “ VV W;W W 


? W 
HWW; 


; nlo = [3c 2 ^+3-^-c 2 + (1 + 18c 2 )M^ + (1 + 18c 2 ) ^ H ] 2 1 


M W M 2 


-r[o- 


<4i 1 1 


, w J c 2 Mw M^ 


s -«o'(Mw) 


>S-*4 + + ++«i-(«») 

1 M w 


+ ^ •T* 2 b ?(- M w ; °,« w ) 


1 r , , K M^M 2 , , M^M 2 , , 

— c 2 Mg - +c 2 -2(l - 8 c 2 ) —^^ —24(1 + 6 c 2 - 16c 4 ) -++ +2(1 + 8 c 2 )M W 

Zjo l Aw Aw Aw 


m 2. 2 x« ? H 

— 12 (—c +s )—^—c 


K 


i 


c 4 Mw Mg 
M 2 M , 6 


^BS”(-M fl ;M Zi Mz 


i r 9 «i M g M^,Mg 

+ KA c 2 Mi^-— c 2 -12 —— c 2 + 2(l-12c 2 )M^ + (l-2c 2 )Mi,Mg 
256 Aw Ayy 


„ mImA „ mImA „ mImA 

— (1 — 2c 2 ) —^—— — 12(1 + 2c 2 ) —— 24(1 + 8 c 2 ) ■ W H 


- 2 ( 1+20 c 2 ) 


A w 

KKd i i 


c 2 M^M 2 


2 ^-r V x , y 2 

% % 

Bq” (—My ; M w , M w ) 


+ i[ f4M «-r 4+12 1r^( 1+5 ^ Uc * )Ml 


12(1 + 5c 2 — 24c 4 ) - 


MlMf 




K, 

- + (1 + 21c 2 — 72c 4 +64c 6 ) 


M^M 2 ! 1 1 


A w J c 4 M w Mg 


x Bq" ( —M^,; Mw , M z ) 


3 

256 


A- M 2 


Mr, Mi, Mr, Ml Mr, , „ x 


J W 


1 


,„ 2 l„2 M H +W M H ,+W M H 

_ (M 2 -4M 2 +4 +12^ 




,+w AQ K M H, 1 

16-7-48—-o ,—)^r 

Aw A^ M^, 


x B5 n (^-Mw ; M w . M h 
m 2 m; 


U 12 - 


M 2 M} 


256 


W^H o/l 2 4+W^H 2, M if 

~ 2 -h2(1 —36c +96c )— -b(l+4c ) - 7 — 

Aw Aw 


2(1 + 4c z — 32 c 4 )Mw +24(1 + 8 c 2 ) 


2, ^w m h 


As 


(-2c 2 + 63c 4 +/)Mg] -j Co (—M^ , —Mw , -M& ;M W ,M Z , M w ) 

2- [2(1-12c 2 + 8 c 4 + 64c 6 ) M ^ Mh - 2(1+4c 2 - 32c 4 )M^ 

256 L Aw 


M 4 M} 


+ 24(1+4c 2 - 28c 4 + 32c 6 ) 2^+1 + (_2 C 2 +7c 4 +i 4 ) c 2 - (-2c 2 +63c 4 + /)c 2 Mg 
Aw Aw 


(244) 
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a a. „ a My -| i Mw / 2 2 2 \ 
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J Appendix: Corrections for the W mass 


In this Appendix we present the full list of corrections forMw in the a-scheme, as given in Eq.(194). In this Appendix 
we use s = s g and c = c g where c~ is defined in Eq.(109). Furthermore, in this Appendix, ratios of masses are defined 
according to 


*h = 


Mh 

M/' 


Xf = 


M f 

M z 


(246) 


etc. We introduce the following polynomials: 


Qo — 23 — 4c 2 


Qi — 77— 12c 2 


Qg = 21 -4c 2 Qj — 65 — 12c 2 Q? = 109 6Qg c 2 
Qj — 5 —2c 2 Q^ei-Q'Jc 2 


Qi = 2-c 2 Q) = 12c 3 + 29j Q$ = 19-Qgc 2 
Q§ — 75 — 16c 2 Q4 — 22 — Qoc 2 Q^ = 52-Q*c 2 
Qi=5-2c 2 Q^ = 32-Q b 2 c 2 Qi=7-Qfc 2 
Qg — 1 +2Q4C 2 


QjJ — 1 — 2c 2 Qj — 119— 128Qof 2 


Q« = 43-6Q^c 
Qo = 2 + 3Q5C 2 
Qq — 5 —4c 2 
Qf 2 = 13-8c 2 
QfJ = 7-Q^c 2 


Q4 — 15 —Q3C 2 
Qj = 1 -s 2 
Qi 0 — 7 —4c 2 
Q 13 — 19 + 4Q£c 2 

Qi=7-Q^ 2 


Q 2 = 29 — Qi s 
Q5 — 61 — I2Q4C 
Q d s = l-j 2 c 2 
Of, =9-8c 2 

Qf 4 — 1 — 2 Q 7 C 2 


Qo — 16Q{Js — Qf c Qf = l + 16c 2 -4QAc 

Q3 = I+Q4C 2 Q4 — 9 — 8s 2 

Q! — 59Qq v + Q^c Q 7 — 5 — 8c 2 

Q§ = 3Qgc + 32Cg* Qi 0 — 4 Qq 5 —QgC 

Q12 — 4Qg ^ — 3Qg c Q; 3 = 8 Qq 5 — Qf 2 c 

Q) 5 = 1 -2Qf 3 c 2 Q5 6 = 12-Qf 4 sc-6Qf 5 c 2 


Q, — 1 + 62Qo sc — 2Q3 c 2 
Q|=20Q^ + Qfc 
Qi — 9 — 128Q 2 s 2 
Q11 — 4Qq^ — Q d 0 c 
QU = 1 - 2 c 2 

Q 17 = 12-6Qf 5 e 2 + Qf 6 sc 


With their help we derive the correction factors: 
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+ ^<4 n ( M i) ^4 + ^ [4 -v 2 c 2 4-8/c 2 ]4”(M,) 4-J-^ 

+ 4 [xt + c 2 x{ - 2sc 3 j Bg" (-M 2 ,; 0. M,) 

+ [ 6 c^+QJj + (l- 6 .rf)vfc + 3(v5+v5)c] ^ 

” i [ (1 ~ 4X > } + ( ! + 2 4W] B S" (- M i ! ■M , M) ^ 
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+ 8 (1 - 64 ) vi c 2 04,1 v - 8 (1 - 64 ) v? c 2 

- (1-6j^)Qi, vifo #D + 8(122 a[ 3) +a*‘i ) + a<>i ) r + 48 (a^ -a^Jc 2 4 
-24(v 2 +vl)c 2 ^ ) ] ^^72 
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+ — [Qii vi <3,|,d + 2 Q 12 v i xf city d + (1 — 4xi)catyQ — 8(1 -\-2x %) vi ccityiv 

+ 8(1+2*?) v? c<$ + 8 (a§ - ^ 1 ) (1 - 4*?) c] Bq" (-Ml; M,, Mi) ^ ^3^2 (250) 

Aq 6) Mw = 1 [ca®-3^] 1 

+ — | 9c4 a^d — 72 v ( i cx d £ 2 4 ,d V + 72v d c:Aq a® + 8 s 2 c 3 a^ D + 64 s 4 ca^ + 3Qiq v d 4 a^, D 
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+ — [Sjc 3 ^o^o — 3 Qj 7 « ( | ) d + (190(1,0 -\-4a^a)s^c— (1820(1,0 -\-6a§\j — 9AgO ( |)D).S' 3 c 3 J -j 

i r s 1 c 4 
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K Appendix: T parameter 

In this Appendix we present explicit results for the T parameter of Eq.(197). For simplicity we only include PTG 
operators in loops. We have introduced ,y = s„,c = c„, o c 2 „ and 

a t 

a T=-—— (253) 
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